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Abstract
The rising demand for energy storage is spurring the need for batteries with high energy density.
Metal-oxygen batteries, as promising candidates for next-generation batteries, have attracted
attention due to their high theoretical energy density compared with the conventional lithiumion batteries (3458 Wh kg-1 for Li-O2 batteries, and 1605 Wh kg-1 or 1105 Wh kg-1 for Na-O2
batteries based on the discharge products Na2O2/NaO2), which have been considered as suitable
power sources for electric vehicles (EV). Before the metal-oxygen batteries can achieve
practical application, however, numerous issues for both Li-O2 batteries and Na-O2 batteries
need to be dealt with. There are some issues that Li-O2 and Na-O2 both share: lithium/sodium
anode dendrite formation, contamination from H2O and CO2, instability of electrolytes toward
O2- species, etc., but they also have special issues that need to be considered. For example, LiO2 batteries are facing a serious problem with sluggish kinetics due to the insulating nature of
Li2O2, while Na-O2 batteries with NaO2 as discharge product does not have this issue because
NaO2 is easy to decompose during charging. In this case, for Na-O2 batteries, it is essential to
improve their oxygen reduction reaction (ORR) efficiency to increase their discharge capability
and avoid premature death. To solve these issues, understanding the reaction chemistry, which
involves the oxygen electrocatalyst (for the oxygen reduction reaction and the oxygen evolution
reaction) and component properties, is vital. In this thesis, the catalytic mechanisms on the
cathode side involving different materials are investigated in metal-oxygen batteries. The
mechanism for molybdenum carbide/dioxide heterostructures as cathode materials is explored
in Li-O2 batteries to explain how they improve electrochemical performance. The relationship
between the oxygen adsorption capability of cathode materials and the morphology of discharge
products is elucidated. Based on this relationship, carbon paper, which has been used for
support in metal-oxygen batteries, has been modified to control the morphology evolution of
discharge products in Li-O2 batteries to further optimize their electrochemical performance.
What is more, it is proved that the modified carbon paper can also improve the electrochemical
performance of Na-O2 batteries. Notably, the modified carbon paper only changes the size of
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discharge products, not their morphology. Herein, to explore the morphological evolution of
discharge products and the electrochemical performance variation in Na-O2 batteries, different
ratios of solvents have been used in the electrolyte. The mechanism behind the morphology
evolution of discharge products in Na-O2 batteries is demonstrated by introducing the rate of
solvation (Rsolvation) and the rate of desolvation (Rdesolvation).
In Chapter 4, MoO2/Mo2C@ reduced graphene oxide (RGO) heterostructures are synthesised
by hydrothermal and calcination methods to work as efficient cathode materials for Li-O2
batteries. The precursor, MoO2@RGO, is transformed into MoO2/Mo2C@RGO and then
Mo2C@RGO. These uniformly distributed MoO 2/Mo2C@RGO heterostructures have
demonstrated high round-trip efficiency (89% at the first cycle) and stable cycling (100 cycles).
After a series of characterizations, such as by scanning electron microscopy (SEM), Fourier
transform infrared spectroscopy (FTIR), and Raman spectroscopy, different morphologies of
discharge products were detected among the different cathode materials (MoO 2@RGO,
Mo2C@RGO, and MoO2/Mo2C@RGO). Density functional theory (DFT) calculations relate
the morphological evolution to the oxygen adsorption variation, which finally influences the
electrochemical performance. The introduction of MoO2/Mo2C@RGO heterostructures
provides insight into the development of cathode materials for Li-O2 batteries.
Based on the results from Chapter 4, that the variation of the adsorption capability of the
cathode materials can alter the morphology of the discharge products of Li-O2 batteries, the
direct use of carbon paper without any metal catalyst may also keep the round-trip efficiency
and stability high if amorphous Li2O2 can be obtained during discharge, which will seriously
reduce the cost of fabricating Li-O2 batteries. Thus, in Chapter 5, carbon papers with different
levels of disorder are fabricated by the potassium intercalation method for both gas layer
diffusion and to serve as effective catalysts for metal-oxygen batteries. The modified carbon
paper exhibits a higher density of Li2O2 than the raw carbon-paper cathode, and the modified
carbon paper with the highest level of disorder (MCP-2) exhibited amorphous Li2O2 in Li-O2
batteries, which led to higher round-trip efficiency and cycling stability (80 cycles). In Na-O2
batteries, MCP-2 demonstrated the highest ORR and oxygen evolution reaction (OER)
2

performance and exhibited the best cycling stability among all three cathodes (RCP, MCP-1,
and MCP-2).
The primary research on Na-O2 chemistry in Chapter 5 reveals the important role of the carbon
surface in regulating the performance, but the huge influence of the electrolyte on battery
performance cannot be ignored. In this case, in Chapter 6, N-doped carbon materials are
fabricated to work as efficient cathode materials for Na-O2 batteries. In addition, different
proportions of dimethoxyethane: tetraethylene glycol dimethyl ether (DME: TEGDME)
solvents were used for investigating the morphology evolution of NaO2. Two important
parameters have been found, rate of solvation (Rsolvation) and rate of desolvation (Rdesolvation), to
describe the morphology evolution process. As a result, the N-doped porous carbon in
electrolyte with a 4:1 ratio of DME: TEGDME demonstrated good rate capability, high
Coulombic efficiency (91.1%) and discharge capacity, and the best cycling stability (120
cycles), due to the generation of thick sheet-like NaO2. This sheet-like NaO2 is easier to
decompose than cubic or nanotube-like discharge products because of the higher contact area
between the discharge products and the carbon surface. In summary, this work uses two
important parameters (Rsolvation and Rdesolvation) to demonstrate the mechanism behind the
morphological evolution of the discharge products, which will finally affect the electrochemical
performance. It provides insight into the regulation of discharge products and optimization of
the Na-O2 battery performance.
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Abbreviation

Full name

A.U.

Arbitrary unit

AFM

Atomic force Microscope

AN

Acceptor number

CNT

Carbon nanotubes

cm

Centimeter

CV

Cyclic voltammetry

CP

Carbon paper

DABCO

1,4-diazabicyclo [2.2.2] octane

DBBQ

2,5-di-tert-butyl-1,4-benzoquinone

DME

1,2-Dimethoxyethane

DEGDME

diethylene glycol monomethyl ether

DMPZ

5,10-dimethylphenazine

DMSO

Dimethyl sulfoxide

DN

Donor number

DMDMB

2,3-dimethyl-2,3-dimethoxybutane

DFT

Density functional theory

DOS

Density of states

3D

Three-dimensional

EELS

Electron energy loss spectroscopy

EIS

Electrochemical impedance spectroscopy

EDS

Energy dispersive X-ray spectroscopy

EV

Electric vehicle

FETEM

Field emission transmission electron microscopy

FTIR

Fourier transform infrared spectroscopy

FePc

Iron phthalocyanine

GO

Graphene oxide

HNG

Highly nitridated graphene

HCF

Hollow carbon nanofibers

HFE

Hydrofluoroether

HCS

Hollow carbon sphere

HOMO

Highest occupied molecular orbital

LUMO

Lowest unoccupied molecular orbital

LIB

Lithium-ion batteries

LiTFSI

Bis(trifluoromethane)sulfonimide lithium salt

MCP

Modified carbon paper

NaTFSI

Bis(trifluoromethane)sulfonimide sodium salt

NMR

Nuclear magnetic resonance
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NPC

Nitrogen doped porous carbon

OER

Oxygen evolution reaction

ORR

Oxygen reduction reaction

PC

Propylene carbonate

PDOS

Projected density of states

PVDF

Poly(vinylidene difluoride)

PVP

Polyvinylpyrrolidone

PTFE

Polytetrafluoroethylene

RM

Redox mediator

RCP

Raw carbon paper

RGO

Reduced graphene oxide

ROS

Reactive oxygen species

SEI

Solid electrolyte interphase

SEM

Scanning electron microscopy

SIB

Sodium-ion batteries

STEM

Scanning transmission electron microscopy

SOMO

Singly occupied orbitals

TBA

Tetrabutylammonium

TTF

Tetrathiafulvalene

TGA

Thermogravimetric analysis

TEM

Transmission electron microscopy

TDPA

Tris[4-(diethylamino)phenyl]amine

TEMPO

2,2,6,6-tetramethylpiperidinyloxy

TEGDME

Tetraethylene glycol dimethyl ether

XPS

X‑ray photoelectron spectroscopy

XRD

X-ray diffraction
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Chapter 1
Introduction
1.1 General background and challenges for metal oxygen batteries
The rapidly increasing need for energy is depleting our natural fossil fuel resources (such as coal and
petroleum), which would also emit environmental pollution.1 In this case, renewable energy sources such
as hydropower and solar power have attracted the eyes of researchers due to their potential as
replacements for fossil fuels. Unlike fossil fuels, however, these renewable sources need to be properly
stored in power storage systema for convenience in transportation and usage. Thus, the development of
batteries is important due to their critical role in energy storage. The lithium-ion batteries (LIBs) have
been widely used in many fields, including in small mobile device and portable electrical devices due to
its high working voltage of around 3.7 V, relatively high energy density of 180 Wh/kg, and long shelf
life (more than 5 years).2-3 Sodium-ion batteries (SIB) have also been developed despite their relatively
low energy density of 150 Wh/kg due to the low cost of sodium resources,4 although none of these LIBs
and SIBs can meet the high energy demands of electrical vehicles (EVs) in the future. To solve this
problem, researchers have developed next-generation alkaline batteries, including lithium oxygen and
sodium oxygen batteries. These new types of batteries show very high energy density (~3500 Wh/kg for
Li-O2 batteries and ~1605 Wh/kg or ~1105 Wh/kg for Na-O2 batteries based on different discharge
products).5-6 More and more scientific researchers have been devoting themselves to the development of
such metal oxygen batteries. Nevertheless, the Li-O2 batteries and Na-O2 batteries are facing many
challenges.
Specifically, Li-O2 batteries suffer from high overpotential7 and low cycling stability caused by the
insulating nature of their discharge products Li2O2 while Na-O2 batteries face the problems of low cycling
ability and low Coulombic efficiency arising from their inadequately studied discharge products and the
high reactivity of their NaO2 discharge product in particular 8. Therefore, current interest in the
developments of metal-oxygen batteries lies in the following directions: (1) Developing efficient
catalysts for Li-O2 batteries and porous, high surface area matrices (usually carbon materials) for both
metal oxygen battery systems; (2) Developing stable electrolytes that can achieve high electrochemical
performance in metal oxygen battery systems; and (3) Protection of the alkaline metal. In this thesis,
most efforts have been devoted to the development of cathode materials (the catalyst and the carbon
matrix) for metal oxygen batteries to achieve a highly efficient battery system.
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1.2 Overview of the structure for this thesis
Chapter 1 is an introduction to the general background as well as the main challenges for the metal
oxygen batteries, and an overview of the structure for this thesis.
Chapter 2 is a literature review on Li-O2 and Na-O2 batteries, including their origins, principles, working
mechanisms, and recent developments in these areas.
Chapter 3 presents a list of the chemicals used in this thesis and the experimental equipment for
synthesizing materials and characterization.
Chapter 4 investigates the influence of heterostructured MoO2/Mo2C@RGO, where RGO is reduced
graphene oxide, working as a cathode catalyst. Details of how MoO 2/Mo2C@RGO affects the
electrochemical performance are demonstrated. This research has been published in Journal of Power
Sources.
Chapter 5 investigates modified carbon paper as a catalyst and carbon matrix in metal-oxygen batteries.
The effects of modified carbon paper on the discharge products are explained, and the consequences for
electrochemical performance are discussed.
Chapter 6 explores the evolution of discharge product morphology using nitrogen-doped porous carbon
and different ratios of glyme solvents. A relationship between the morphological evolution of discharge
products and the ratio between the desolvation process and the solvation process is proposed.
Chapter 7 includes the general conclusion of this thesis and personal opinions and recommendations on
the future development of metal oxygen batteries.
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Chapter 2
Literature Review
2.1 Background on aprotic Li-O2 and Na-O2 batteries
2.1.1 Li-O2 batteries
Over the last several decades, the fast development of technology has spurred emergent demands for
energy. The usage of fossil fuels raises severe environmental issues such as global warming and air
pollution, which may cost a fortune. In this case, reducing our dependence on fossil fuel is a major trend
in the development of human society. To serve this purpose, more and more scientific researchers are
devoting themselves into the development of clean and renewable energy. Electrochemical power
sources as well as energy storage systems have been considered as significantly important in realizing
the dispatch and supply of renewable energy, such as from solar and wind power. One of the most
successful achievements in such electrochemistry is the lithium-ion battery (LIB) which powers most
mobile electronic devices. The energy density of traditional LIBs, however, is far from sufficient to meet
the requirements of electric vehicles (EVs), which are considered to be a promising replacement for
conventional vehicles with internal combustion engines. In this case, advanced battery technologies such
as metal-air batteries have been proposed to solve the problem of the low power density of LIBs. The
concept of a reversible Li-O2 battery was first brought up in the 1970s,9 but the experimental observation
and confirmation were only conducted in 1996 by Abraham et al.10 The usage of O2 as a power source
endows the Li-O2 technology with very high energy density (~3500 Wh/kg), which has attracted the
attention of researchers5. Currently, the Li-O2 battery usually consists of a lithium metal anode, the
electrolyte, and a cathode. Based on the types of electrolytes, the Li-O2 batteries have been classified into
four categories: aqueous, aprotic, hybrid (aprotic/aqueous), and solid-state,11 as shown in Figure 2.1.
Aqueous Li-O2 batteries have been considered as inappropriate as rechargeable metal-air batteries due to
the intensive reaction between the alkali metal and water. Aprotic Li-O2 batteries are the most widely
investigated one compared with the rest.
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Figure 2.1 Schematic of four different types of Li-O2 batteries. (a) aprotic, (b) aqueous, (c) hybrid, (d) solid-state.11

Among these new types of aprotic metal-air batteries, Li-O2 batteries possess the highest operating
discharge voltages of 2.96 V and the highest specific capacity of 3500 Wh kg-1 based on the weight of
the discharge products (Li2O2). Nevertheless, Li-O2 batteries show very sluggish kinetics during
charging, which usually requires the use of a catalyst.12 The application of the catalyst will surely increase
the cost of the practical use of Li-O2 batteries. In addition, the limited nature of lithium resources, which
may be used up in future decades, requires a cheaper and more abundant replacement. In this case, the
Na-O2 batteries with cheap and abundant Na metal as anode have sparked attention.

2.1.2 Na-O2 batteries
Compared with Li-O2 batteries, Na-O2 batteries also have attracted researchers’ attention due to the
abundant, cheap resource of sodium and their relatively high energy density based on the difference in
the discharge products. The Na-O2 batteries with NaO2 as discharge product have demonstrated 1105
Wh kg-1, and with Na2O2 as discharge product have demonstrated 1605 Wh kg-1 theoretical capacity.6
More importantly, Na-O2 batteries offer higher energy efficiency than Li-O2 due to the lower charge
overpotential when NaO2 is the discharge product.13 In this case, the application of a catalyst may be
unnecessary and only a porous carbon matrix is required in Na-O2 systems, which can save a fortune in
the future application of Na-O2 batteries. The uncertainty about the generation of discharge products in
Na-O2 batteries, however, makes the stable operation of batteries challenging.8 Different discharge
products of Na-O2 (NaO2, Na2O2, and Na2O2⸱H2O) can significantly alter the electrochemical behaviour

18

of batteries.14-16 The details of the effects of different discharge products on electrochemical performance
will be introduced later. In the case of the K-O2 batteries, the active nature of potassium results in high
instability. Although many researchers have devoted themselves to the development of K-O2 batteries,
the protection of potassium remain as an even bigger challenge than for lithium and sodium.17-18 Thus,
Li-O2 and Na-O2 seem to be more promising candidates for next-generation batteries.

2.2 The reaction chemistry of aprotic Li-O2 and Na-O2 batteries
The electrochemical behaviour of Li-O2 and Na-O2 batteries is highly related to the reaction chemistry
inside the battery cell. To fully understand the issues such as high overpotentials, low stability, and
unpredictable discharge products that hinder the further development of metal-oxygen batteries, the
reaction mechanisms (discharge and recharge mechanisms) and some critical factors such as the intrinsic
nature of discharge products need to be introduced. The working principles of normal metal-oxygen
batteries can be classified into the discharge process and the charge process. The discharge products will
be generated on the cathode surface and will be decomposed after the charge process. The details of the
discharge process and charge process for Li-O2 batteries and Na-O2 batteries will now be introduced.

2.2.1 The working mechanism in Li-O2 batteries
2.2.1.1 Discharge process
In the discharge process of Li-O2 batteries, there are two commonly reported main discharge products Li2O2 and LiO2. The reaction formulas are listed below:19
O2 + e- → O2-

(2.1)

O2- + Li+ → LiO2

(2.2)

LiO2 +LiO2 → Li2O2 + O2

(2.3)

O2- + e- → O22-

(2.4)

O22- + 2Li+ → Li2O2

(2.5)

O2 is reduced to O2- at the surface of the cathode, and the O2- will either diffuse to the electrolyte or
combine with Li+ to form LiO2 before disproportionation of LiO2 into Li2O2 (Eqs. 2.1-2.3) or be further
reduced to O22- and form Li2O2 after combining with Li+ near the surface of the electrode (Eqs. 2.4-2.5).
The thermodynamic stability of Li2O2 makes Li2O2 a more favourable discharge product than LiO2,
which is the reason why most of the experimental observations have demonstrated Li2O2 as the main
discharge product.
The formation of discharge products in metal-oxygen batteries can be divided into two mechanisms
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during discharge, the surface mechanism and the solution mechanism.20 Taking the Li-O2 battery as an
example, the surface mechanism for generating Li2O2 will usually lead to thin film-like Li2O2, which
may passivate the electrode and cause low specific capacity but is easier to decompose during charging.19,
21

Meanwhile, the solution mechanism can generate toroidal-like discharge products, which offer high

specific capacity but low round-trip efficiency due to the insulating nature of bulk Li2O2.22 In this case,
knowing the factors that determine the discharge mechanism (surface or solution mechanism) are crucial
for achieving high performance Li-O2 batteries. There are several important factors that govern the
mechanism of O2 reduction: (1) The donor number provided by the solvents and salts; (2) The Lewis
acidity of the solvated alkali metal ions; (3) The additives that are introduced into the electrolyte; and (4)
The oxygen adsorption capability of the catalyst on the cathode. Factors (1)-(3) are due to the influence
of the electrolyte, and factor (4) is from the influence of the cathode. The oxygen reduction mechanism
to form Li2O2 is shown in Figure 2.2a. In the solution mechanism process, the O2 is reduced to O2- at the
electrode surface. Subsequently, the O2- is coordinated in solution by the strongly solvated Li + and then
may disproportionate into bulk Li2O2 on the cathode surface. In the surface mechanism process, the O2that is reduced from O2 has a higher tendency to remain near the cathode surface and combine with Li +
to form LiO2* (where * means adsorbed species). The LiO2* may subsequently either disproportionate
into Li2O2 or be further reduced to Li2O2. The crystallinity of Li2O2 may be seriously reduced when filmlike Li2O2 discharge products are formed.

2.2.1.2 Charge process
The charge mechanisms in the Li-O2 battery and the Na-O2 battery are slightly different due to the
intrinsic difference in their discharge products (Li2O2 and NaO2). For the Li-O2 battery, the
decomposition mechanism of Li2O2 is shown in Figure 2.2b.23 Like the discharge mechanism of Li-O2,
the charging mechanism also has a close relationship with the donor number (DN) of the solvent.
Although the charging reaction commences with the delithiation process, regardless of whether it is in a
low DN solvent or a high DN solvents, the following mechanisms vary with the DN of the solvent. In a
high DN solvent, the delithiated intermediate will then form LiO2 and dissolve into the solvent.
Subsequently, the soluble LiO2 will disproportionate into Li2O2 with the release of O2. In a low DN
solvent, due to the low solvating ability of the delithiated intermediate to form Li2O2 in a low DN solvent,
the delithiated intermediate tends to form Li-deficient Li2-xO2. This Li-deficient product will become
unstable, leading to delithiation and finally decomposition into Li + and O2 via further electrochemical
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reaction. Apart from the influence of the solvent, the cathode materials (catalysts) also play a crucial role
in the decomposition of Li2O2, since the first step in decomposing Li2O2 is delithiation via an
electrochemical process, regardless of the DN of the solvent. Some researchers have observed the direct
decomposition of Li2O2 at the interface of Li2O2 with the cathode materials.24 The catalyst that is
commonly used will be introduced in the following section.

2.2.2 The working mechanism of Na-O2 batteries
2.2.2.1 Discharge process
Unlike Li-O2, Na-O2 batteries have been reported with different main discharge products, including
NaO2, Na2O2, and Na2O2∙H2O. The reaction pathways are listed below: 25-26
O2 + e- → O2-

(2.6)

O2- + Na+ → NaO2

(2.7)

NaO2 + NaO2 → Na2O2 + O2

(2.8)

O2- + e- → O22-

(2.9)

O22- + 2Na+ → Na2O2

(2.10)

O2 is reduced to O2- at the beginning of the reaction, and O2- will combine with Na+ to form NaO2 clusters
(Eqs. 6-7) to either adsorb on the surface of the cathode to grow into NaO2 or disproportionate into Na2O2
(Eq. 8). The O2- may also be further reduced to O22-, however, and then combine with Na+ to form Na2O2
(Eqs. 9-10). The formation of Na2O2∙H2O may be attributed to the high content of water in Na-O2
batteries, which will be discussed later. Compared with the one-electron formation pathway of NaO2,
Na2O2 and Na2O2∙H2O may be formed via two-electron transfer, which gives them higher theoretical
energy densities but low round-trip efficiency due to the requirement of high overpotential to decompose
the discharge products. The discharge of Na-O2 batteries also involves either the surface mechanism or
the solution mechanism. Usually, the solution mechanism dominates the discharge process and cubicshaped discharge products can be obtained, as shown in Figure 2.2c,27 although the cubic NaO2 is not
the only discharge product that can be obtained in the discharge process in Na-O2 batteries. First, different
morphologies of NaO2 were also reported by many groups, including nanowire shapes,28 nanoparticles,29
film-like shapes30 etc. Those variations in the morphology of discharge products may be attributed to the
different pathways of the discharge mechanism, which will finally result in different electrochemical
performance. Second, different types of discharge products were also reported by many researchers.31-32
The detailed mechanisms for the formation of Na2O2∙H2O and Na2O2 are still in doubt. Finally, NaO2 has
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been reported to be slightly reactive toward glyme solvents, which would result in the formation of some
by-products of Na2CO3.33 Thus, the complication of the discharge products in Na-O2 batteries leads to
uncertainty about the electrochemical performance of Na-O2 batteries. However, the reports on NaO2 are
mainstream Na-O2 battery research because of its high round-trip efficiency.

2.2.2.2 Charge process
Unlike the case of the Li-O2 battery, NaO2 does not require a catalyst to lower its charge overpotential.
In this case, most of the cathode materials are carbon.13, 34 Because of the difference in discharge products,
the charging mechanism of Na-O2 is also different from that of the Li-O2 battery. Yang’s group measured
the partially empty π* states of O2- in NaO2 discharge products to prove that the band gap in NaO2 is
smaller than in Li2O2.27 In addition, they proposed the decomposition mechanism for the cubic shape of
NaO2, as shown in Figure 2.3c. At the start of decomposition, the oxidation of the discharge products
for the cube takes at the edges and the cube/electrode interface. As the decomposition goes on, the
decomposition mainly occurs at the interface and the cubic NaO2 shrinks. At the end of the charging
stage, the NaO2 cube is almost decomposed, and the oxidation of by-products will increase the
overpotential in charging stage, which is caused by the high resistance of by-products such as Na2CO3.
The formation of Na2CO3 during the discharge stage will significantly affect the electrochemical
performance in such aspects as the Coulombic efficiency and stability of Na-O2 batteries. Sun’s group
used in-situ Raman spectroscopy to prove the formation mechanism of by-products at the contact surface
between NaO2 and glyme electrolyte, as shown in Figure 2.2d.35 The NaO2 (1156 cm-1) decomposed
with increasing charging time while the by-products were generated constantly with time. These
generated by-products are hard to decompose during the charging process and will lead to high
overpotential. Reducing the generation of these by-products is necessary to achieve highly efficiently
Na-O2 batteries.
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Figure 2.2: (a) Schematic illustration of the surface and solution mechanisms to form Li2O2 discharge products,
where Li is a metal, (b) the charging mechanism of Li 2O2 in electrolytes with different donicity, 23 (c) the charging
mechanism of NaO2 in Na-O2 batteries,27 (d) chemical maps from Raman spectra for an NaO2 cube during charging
at different time intervals.35

2.2.3 The intrinsic differences between discharge products in Li-O2 and Na-O2
batteries

2.2.3.1 Li-O2 batteries
Bulk Li2O2 has been proved to be an insulator with a large band gap by many groups and to require high
overpotential to decompose during charging.36 This difficulty has spurred more researchers to investigate
more of the electrochemical behaviour of Li2O2 before coming up with a strategy to overcome the
insulating nature of Li2O2. Chen et al. proposed orientation dependence and lattice matching of the
interface between Li2O2 and the electrode in terms of electronic transport.37 Radin and Siegel claimed
that the bulk regions of crystalline Li2O2 were insulating and demonstrated that a mixture of ionic and
polaronic contributions dominates charge transport in Li2O2, which emphasize the importance of defects
(e.g., Li-vacancy) to tune the conductivity of Li2O2.38 To increase the conductivity of Li2O2, defect
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engineering was introduced into the Li-O2 battery system. Figure 2.3a exhibits different types of defect
engineering of Li2O2, including Li-deficient, heteroatom-doped Li2O2, Li2O2 surface/grain boundaries,
and amorphous Li2O2. This defect engineering can be achieved by promoting the nucleation and reaction
of intermediates when different catalyst or electrolyte content is applied. For Li-deficiency, the half
metallic nature of LiO2 makes the nonstoichiometric Li2-xO2, which is more conductive than Li2O237 and
can help to lower the oxygen evolution reaction (OER) overpotential. Lu et al. reported excellent
electrochemical performance of Li-O2 batteries with LiO2 as the main discharge products by applying IrRGO as cathode.39 The generation of LiO2 was due to the good lattice match between LiO2 and Ir3Li
intermetallic compound, which not only can work as template for LiO2 to encourage it to nucleate and
grow epitaxially, but also prevents LiO2 disproportionate into Li2O2. What is more, Li-vacancies also
have been observed in some metal-oxide-modified systems.40 The adsorption of LiO2 intermediates and
prevention of disproportionation are the keys to realizing Li-deficiency. In the case of doped Li2O2,
Chen’s group classified it into four categories, as shown in Figure 2.3b, according to size of the
substitutional atom. These dopants can be introduced into Li2O2 during the nucleation and growth
processes of Li2O2 by dissolving the heteroatoms into the electrolyte.37 The K+
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and Cl-

36

have been

reported as dopants by researchers, and the electrochemical performance of Li-O2 batteries with these
dopants was improved compared to the ones without dopants, which was associated with enhanced
conductivity due to the dopant atom. Moreover, transition metals such as Co and Ni were reported to
lower the charge overpotential by shifting the Fermi level toward the conduction band.42 In the case of
surfaces and grain boundaries, theoretical works have suggested the superiority of grain boundaries for
conductivity.43 In this case, Li2O2 with reduced size (small particles or thin films) is expected to have
less resistivity due to grain boundaries that can work as feasible pathways to conduct electron.
Amorphous Li2O2 can be classified as an extreme case of defects in Li2O2, opposite to perfect crystalline
Li2O2, which is hard to decompose. Amorphous Li2O2 has been reported to be 4 orders of magnitude
higher in electronic conductivity and 12 orders of magnitude higher in ionic conductivity compared to
crystalline Li2O2.44 These superior conductivities are the reasons why amorphous Li2O2 can be easily
decomposed and lead to a low OER overpotential. The capability for oxygen adsorption has been
considered as an important factor for the generation of amorphous Li 2O2.45 Although amorphous Li2O2
possesses the advantage of a decreased OER overpotential in Li-O2 batteries, it also has the disadvantage
of low specific capacity. In the Li-O2 battery system, the final amount of Li2O2 decides the final specific
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capacity. Amorphous Li2O2 can only grow on the matrix as a thin film with limited thickness46 via the
surface mechanism, while the toroidal Li2O2 can grow layer by layer via the solution mechanism,
evolving from small nanometre size discs to meso-scale size toroidal shapes.47 Hence, the different
shapes of Li2O2 lead to very different specific discharge capacities.

2.2.3.2 Na-O2 batteries
NaO2 can be easily decomposed during charging, which gives Na-O2 batteries higher round-trip
efficiency, due to its higher ionic conductivity than peroxide-based discharge products.48 Numerous
efforts have been devoted to understanding the preference for the formation of NaO2 or Na2O2 based
discharge products. Na2O2 has been evaluated as a more stable discharge product in Na-O2 batteries under
standard pressure at room temperature.49 Nevertheless, its free enthalpy (-449.7 KJ mol-1) is only 12 kJ
mol-1 lower than NaO2’s (-437.5 kJ mol-1), which may be smaller than the error margins of the
thermodynamic data.50 In this case, the difference in free enthalpy between NaO2 and Na2O2 cannot be
valid evidence to demonstrate the preference for the formation of NaO2 or Na2O2.
Janek’s group has summarized considerable research data and reached conclusions on some
characterizations of the electrochemical behaviour of Na-O2 with different discharge products, as shown
in Figure 2.3c-e.50 In terms of NaO2, all researchers reported a relatively small overpotential and a
sharply increasing voltage peak at the end of the charging process, which indicated the full decomposition
of NaO2, as well as the absence of other side reactions such as electrolyte decomposition. In the case of
Na2O2, however, the overpotential is much higher than for NaO2, which means that Na2O2 is more
difficult to decompose during the charging process. This inferior electrochemical behaviour is ascribed
to the low conductivity of Na2O2. In the case of Na2O2∙H2O, multiple charging plateaus have been
observed. A low overpotential appeared at the first stage of charging which is comparable to the case of
NaO2, and subsequently, a relatively large overpotential stage appeared. At the end of charging, an even
higher stage was presented if the upper potential cut-off was high enough. These observations indicated
not only two-electron transfers, but also the decomposition of some by-products such as NaOH and
Na2CO3.
The formation of Na2O2∙H2O has been investigated by many research groups. Although contradictory
resulta exists,51-53 most of the research indicates a direct relationship between the formation of Na 2O2∙H2O
and a high amount of water in the Na-O2 battery system. When the water content is at a low level (≤ 100
ppm), the presence of water significantly increases the discharge capacity and NaO2 discharge product.54
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This is because water acts as phase-transfer catalyst to accelerate the precipitation and decomposition of
NaO2. With a high level of water content, however, Na2O2∙H2O is formed, and NaOH is also a possible
discharge product if the water content is high enough.55

Figure 2.3: (a) Schematic illustration of the defect types in Li 2O2 and (b) schematic illustration of different types of
dopants in Li2O2,37 (c-e) comparison of various reported full discharge and charge curves in different discharge
products.50

2.3 The influence of electrolytes on the chemical and electrochemical reactions
The electrolytes play a very essential role in Li-O2 and Na-O2 battery systems since the electrolyte has
direct influence on the electrochemical processes during discharge and charge stages. For instance, the
donor and acceptor numbers of electrolytes can determine the electrochemical pathways for producing
discharge products during the discharge stage.56-57 What is more, the chelate length of solvents has been
proved to be essential in determining the final products and capacity in Na-O2 batteries.58 In addition,
good electrolytes are expected to possess following features: high oxygen solubility and diffusivity, good
ionic conductivity, good stability against attack by reactive oxygen species (ROS), a wide potential
chemical window, and inertness towards the alkali metal anode. In this part, we will introduce the effects
of electrolytes in electrochemical processes by taking traditional organic electrolytes as examples, as
well as state-of-art developments on electrolytes for Na-O2 batteries.
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2.3.1 Influence from solvents
2.3.1.1 Donor number
2.3.1.1.1 In Li-O2 batteries
Compounds with a high/low donor number (DN) or acceptor number (AN) have been classified as
hard/soft Lewis bases or hard/soft Lewis acids based on Hard-Soft-Acid-Base theory. Hard/soft Lewis
bases can associate well with hard/soft acids. In metal-oxygen battery systems, the acidity of the alkali
metal ion M+ will be adjusted by solvents, making it bond strongly with O2- or O22-. Taking the Li-O2
battery system as an example, the metal ion Li + is a hard acid, which is behind its decreased ability to
stabilize O2- (a soft base). In this case, a solvent with high DN can adjust the acidity of Li + by forming
an Li+-(solvent)n complex. This Li+-(solvent)n complex behaves like a soft acid, which can effectively
interact with the soft O2- ion.59 Abraham et al. have investigated this tendency by applying solvents with
a large range of DNs.60 With a high DN, the Li+-(solvent)n complex can efficiently stabilize the O2- ion,
while with a low DN, the Li+-(solvent)n complex acts as a hard acid, which tend to combine with the O22ion, which is a hard base instead of the O2- ion. Due to this combination tendency, the reaction pathway
has been significantly affected. In a low DN solvent, the lack of stabilization capability towards LiO2
makes adsorption of LiO2 on the electrode surface take place, and thus, the surface mechanism dominates
the discharge process. In a high DN solvent, however, the stabilization of LiO2 can promote the solution
mechanism during the discharge stage due to the high stabilization of LiO2. The solution mechanism
favors the growth of toroidal Li2O2 and increase the discharge capacity(Figure 2.4a).61

2.3.1.1.2 In Na-O2 batteries
The effect of electrolytes on Na-O2 batteries shares much similarity with the situation in Li-O2 ones. The
Na+ ion is also classified as hard acid that tends to react with O22- .62 In this case, the solvent plays an
important role in determining the types of discharge products (NaO2 or Na2O2) and thus seriously affects
the discharge capacity as well as cycling performance of Na-O2 batteries. Chen’s group has investigated
the impact of the DN numbers of solvents on the discharge products.63 Although the disproportionation
of NaO2 species into Na2O2 seems to be inevitable, high DN solvents can significantly slow this process
by stabilizing the NaO2 species (solvent route). This slow rate of disproportionation allows NaO2 to be
precipitated and grow into mesoscale cube shaped discharge products. In low DN solvents such as
CH3CN, however, O2- species are prone to disproportionate into O22- on the surface (surface route) due
to the fast rate of disproportionation. Overall, Na 2O2 replaces NaO2 as the major discharge product in
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Na-O2 batteries (Figure 2.4b). Even though the presence of Na2O2 delivers higher theoretical specific
energy to the Na-O2 battery system,64 NaO2 has been considered as the preferred discharge product due
to its higher ionic conductivity, which makes the charging overpotential of Na-O2 batteries significantly
lower than for the Na-O2 batteries with Na2O2 as main discharge product. What is more, the Na2O2
formed on the surface can passivate the carbon electron and cause decreased specific capacity of the NaO2 battery, which may eliminate the advantage that Na2O2 possesses. The donor number from the anion
also has an influence on the electrochemical process by affecting the behavior of the salt anions, which
we will discuss in a later section.

2.3.1.2 Desolvation effect
The impact of the desolvation effect on the Li-O2 battery is not as significant as on the Na-O2 battery.
This is because chemical disproportionation plays the major role in forming peroxide species, which are
the main discharge products in Li-O2 rather in Na-O2 batteries. Thus, the stabilization of superoxide
species in solution (solubility) mostly affects the performance of Li-O2 batteries. In the Na-O2 battery,
the desolvation process for NaO2 species, which may be the determining steps for the battery reaction,
will be seriously affected by the chain length. The chain length of the solvents also has a huge influence
on the formation of the final discharge products in Na-O2 batteries.65-67 Taking glyme as example, before
the oxygen reduction reaction (ORR) process takes place, Na+ ions are solvated by solvent molecules to
form a solvent shell structure, coordinated by oxygens from the glyme molecules and/or anions. This
shell structure varies with the chain length of the solvents. Lutz et al. have investigated the solvent-solute
interaction between Na+ ions and ether.58 The solvation/chelation structures of Na + ions with different
glymes (monoglyme, diglyme, and tetraglyme) are shown in Figure 2.4(c-e). The number of ether
molecules that solvate the Na+ cation increase with decreasing chain length (3 molecules for dimethyl
ether (DME), 2 for diethylene glycol monomethyl ether (DEGDME), and 1 for triethylene glycol
monomethyl ether (TEGDME). When TEGDME is used as solvent, all the matching oxygen comes from
one ether molecule, which can decrease the barrier to solvating the Na + cation, increasing the amount of
dissolved NaO2. Unlike Li-O2 battery systems, however, which have a specific capacity that has an
obvious correlation with the amount of dissolved superoxide species, Na-O2 batteries with TEGDME
were found to deliver far less specific capacity than the Na-O2 batteries with DME. This is because the
growth of NaO2 is seriously affected by the desolvation barriers. The use of TEGDME leads to an
increase in the desolvation barrier energy and the formation of solvent-separated ions. Consequently, the
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rate of desolvation is slower than the formation of NaO2 and results in the confined surface growth
mechanism, which greatly jeopardizes the specific capacity of Na-O2 batteries (Figure 2.4f). In contrast,
Li-O2 batteries need the disproportionation of dissolved LiO2 into Li2O2, on which the desolvation energy
may have less impact.

2.3.1.3 Stability of electrolytes
The stability of the electrolyte has a crucial impact on the electrochemical performance since it is directly
linked to the generation of by-products such as formate and carbonate.68 Khetan at al. has proposed
descriptors that point toward the stability of electrolytes.69 The acid dissociation constant, pKa, determine
the resistance of electrolytes to H-abstraction, which is recognized as main side reaction during discharge
while the highest occupied molecular orbital (HOMO) level determines the resistance of electrolytes to
oxidation which is known as the main side reaction during charging. A diagram for the regions of solvent
stability is shown in Figure 2.4g, from which we can see that the ideal electrolytes should be high in pKa
and low in HOMO level (top left quadrant). Nazar’s group has investigated the detailed mechanisms of
side reactions with glyme in metal-oxygen battery systems.33 Figure 2.4h presents three pathways of the
mechanism for the decomposition of DME by superoxide attack. In path 1, the hydrogen abstraction
happens on the β site and causes the formation of dimethyl oxalate. If the radicals undergo β-scission,
path 2 will proceed, and it leads to the generation of methoxy radical and methyl vinyl ether. It is also
possible, however, for hydrogen abstraction to take place at the α position (path 3) and produce formate
and carbonate. To clarify the preference in hydrogen abstraction, by applying the modified electrolyte
2,3-dimethyl-2,3-dimethoxybutane (DMDMB), the β hydrogens of which were covered with methyl
groups and left only α hydrogen, in metal-oxygen battery systems, the authors found a huge increase in
the cycling stability and less by-products. This modified electrolyte proved the dominant position of β
hydrogen in hydrogen abstraction. Notably, since the α methyl groups are very likely to be accessible in
both solvents (DMDMB and DME), the increased stability is unlikely to have been contributed from
chelation or steric effects. Furthermore, authors also mentioned the existence of trade-offs when certain
modifications were applied to the solvents, since the newly introduced stable groups of solvents may
feature weak interaction with alkali cations and thus cause low solubility of alkali salts.
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Figure 2.4 (a) Schematic illustration of the O2 reduction mechanism in an aprotic solvent containing Li+, showing
the surface pathway followed in low DN solvents and the solution pathway followed in high DN solvents.

61

(b)

Schematic diagram of the discharge process in different electrolytes. 64 Images of solvation of Na+ cation by (c) DME,
(d) diethylene glycol dimethyl ether (DEGDME), and (e) tetraethylene glycol dimethyl ether (TEGDME). (f)
Overview of the oxygen reduction mechanism in glyme-ether solvents during discharge of a Na-O2 battery.58 (g)
Regions of solvent stability visualized as functions of the HOMO level, which is the descriptor of solvent stability
against oxidation during charge, and pKa in dimethyl sulfoxide (DMSO). 69 (h) Proposed reaction pathway for the
decomposition of DEGDME in Na-O2 batteries.33
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2.3.2 Introduction of solvents for Li-O2 and Na-O2 batteries.
2.3.2.1 Carbonate-based electrolytes
Although the carbonaceous electrolytes have been widely used in Li-ion battery systems.70-71 researchers
have demonstrated that propylene carbonate (PC) solvent can be easily decomposed into Li 2CO3 in the
presence of the reactive oxygen species O2-, Li2O2, and LiO2. The nucleophilic attack from O2- takes
place at the CH2 group via the SN2 mechanism, resulting in the decomposition of PC into Li2CO3. The
accumulation of Li2CO3 is disastrous for the operating life of the Li-O2 battery. Because the Na-O2 battery
also produce active O2- species, it is reasonable to say that carbonate-based electrolytes are also not
suitable solvents for the Na-O2 battery.

2.3.2.2 Ether based electrolytes
The ether-based electrolytes have attracted the attention of researchers since carbonate-based electrolytes
present poor stability and decomposition problems in metal-oxygen batteries. The commonly used ether
based electrolytes in metal-oxygen batteries, including 1,2-dimethoxyethane (DME, DN = 20.0),
diethylene glycol dimethyl ether (DEGDME, DN = 24.0), and tetraethylene glycol dimethyl ether
(TEGDME, DN = 16.6) exhibit relatively high stability against attack from reactive oxygen species.60, 72
By using DME as their electrolyte solvent, McCloskey et al. confirmed Li2O2 as the dominant discharge
product instead of Li2CO3 and O2 as the main charge products,12 indicating the higher stability of DME
than carbonate-based electrolytes. The degradation mechanism of ether-based solvents has been
proposed by Sharon et al. and Freunberger et al.,73 as shown in Figure 2.5. Although the formation of
some by-products, such as HCOOLi, CH3COOLi, and LiOCOOLi, has been confirmed, ether-based
electrolytes still show greater resistance to nucleophilic attack and stability than carbonate-based
electrolytes. Among the commonly used glyme-based solvents, diglyme is the most stable solvent in the
Li-O2 battery system, which is attributed to its chain length, steric confinement, and the functional groups
in solvent molecules. In the Na-O2 battery, DME has been suggested as a suitable electrolyte solvent for
achieving high discharge capacity and long cycling performance. Victoriano et al. demonstrated,
however, that, although the transport of Na+ is fastest and slowest in TEGDME due to the influence from
viscosity, DME shows less charge screening effect, which make the desolvation energy harder to
overcome, and they thus concluded that DEGDME may be the optimal choice due to its compromise
between stability, viscosity, and coordination structure.74 Above all, the long-chain TEGDME may be
the optimal choice for the Li-O2 battery due to its high solubility toward LiO2 and high stability against
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attack from O2- species, while short chain DME and DEGDME may be more suitable for Na-O2 because
of the low desolvation barriers of NaO2 and their low viscosity.

Figure 2.5: The decomposition mechanism of ether-based solvents during the ORR process. 73

2.3.2.3 DMSO
Dimethyl sulfoxide (DMSO) electrolytes have attracted academic attention because DMSO is a
promising potential solvent for metal oxygen batteries due to its low viscosity, high donor number, and
high conductivity. The application of DMSO endows the Li-O2 battery with high discharge capacity and
good rate performance.75 The solution mechanism brought by DMSO has been identified through
observing the formation of O2- and LiO2 species via in-situ surface-enhanced Raman spectroscopy
(SERS)76. Aurbach et al. demonstrated, however, that DMSO shows instability when carbon materials
are applied as cathode77. Formation of some by-products such as Li2SO3 and Li2SO4 has been identified.
A discovery by Bruce et al. indirectly proved the instability of carbon in DMSO by replacing carbon with
TiC as cathode.78 What is more, the reaction between Li2O2 and DMSO to form LiOH was demonstrated
by David et al. They observed that the formation of LiOH was determined by the exposure time of DMSO
to O2- and O22- species.79 Furthermore, DMSO has also been found to be unstable towards Li metal
anode.80 In this case, DMSO may not be a suitable solvent for long cycle life for metal oxygen batteries.
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2.3.2.4 Ionic liquids
Their features such as a large chemical reaction window and good electrochemical stability make ionic
liquids promising candidates for electrolytes in metal oxygen battery systems.81 Unlike traditional
organic solvents, ionic liquids consist of cations and anions, which gives them high ionic conductivity to
benefit battery performance, although some disadvantages such as high viscosity, low oxygen solubility,
and high cost are impeding the practical use of ionic liquids in future metal-oxygen batteries.
Different types of ionic liquids have been introduced into metal-oxygen batteries system, including
pyrrolidinium-,82 piperidinium-,83 and phosphonium-based84 ionic liquids. Moreover, researchers have
also focused on the reaction mechanism that ionic liquids present in metal-oxygen batteries. In the ORR
process, Mohammad et al. used density functional theory (DFT) calculations to demonstrate the
improved electrochemical performance from applying 1-ethyl-3-methylimidazolium ([Emim])[BF4]
(with 1 M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)) as electrolyte and MoS 2 as cathode.85
This improved performance was attributed to the coverage of Mo edge by [Emim]+ ions, in which case,
the isolated Mo site can prevent the dissociation of O2 during oxygen reduction (Figure 2.6a). In the
OER process, 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide ([Pyr14][TFSI]) was
found to be helpful for reducing the recharge overpotential, by changing the two-electron decomposition
pathway into one-electron decomposition pathway due to the outstanding solvation effect of
[Pyr14][TFSI] (Figure 2.6b),86 although side reactions also exist in ionic liquid systems.83 Taking Nmethyl-N-propylpiperidinium ([PP13])[TFSI] as an example (Figure 2.6c), the hydrogen abstraction
takes place in step 1 where there is oxidation of PP13+ by superoxide species to form piperidiniumperoxide. These peroxides then react with superoxide species and cut the ring open, as shown in step 2.
Finally, these ring-opened intermediates react rapidly with oxygen species to form by-products such as
sodium carboxylates.
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Figure 2.6: (a) Illustration of the oxygen reduction reaction on MoS 2 nanofibers (NFs) in two different electrolytes
(ionic liquid ([EMIM][BF4]) and DMSO) based on DFT calculations. 85 (b) Schematic illusion of the decomposition
pathways of Li2O2 when [PYR14][TFSI] is present.86 (c) Proposed mechanism for the decomposition of
[PP13][TFSI] solvent during discharge.83

2.3.2.5 Solid state electrolytes
Solid-state electrolytes have been developed to solve stability, toxicity, and volatility problems in metaloxygen batteries with organic electrolytes because they are more stable than organic and other liquid
electrolytes. These solid-state electrolytes, including solid polymer electrolytes and ceramics, showed
higher resistance against attack from O2- and a wide electrochemical window. They have also shown
suppression of the growth of lithium dendrites on the anode side. Nevertheless, some serious problems
exist in the solid-state system. There is a serious interfacial contact problem between the cathode and
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electrolyte, which may easily cause failure during cycling. What is more, due to the lack of solvent, the
solution mechanism characteristic of metal-oxygen battery cannot be achieved. This may be a huge
problem since the solution mechanism is the key to developing toroidal Li2O2 in the Li-O2 battery and
NaO2 in the Na-O2 battery.
In the Li-O2 battery, researchers have investigated the stability of many solid polymer electrolytes against
Li2O2 and proposed specific parameters to help in choosing suitable solid electrolytes for the Li-O2
battery. Moreover, the reaction mechanism between poly(vinylidene difluoride) (PVDF) and O2- was
proposed. To solve the problem of decay of discharge capacity arising from the lack of the solution
mechanism, researchers have tried to fabricate large-surface-area carbon as cathode to obtain satisfactory
discharge capacity. Some researchers have investigated the mechanism of Na-O2 when solid-state
electrolytes are applied by the in-situ transmission electron microscopy (TEM) technique. Huang’s group
revealed the reaction mechanism by applying in-situ grown solid Na2O as electrolyte and CuO as cathode
materials.87 CuO was converted into Cu and Na2O at first, and reduced O2- species combined with Na+
to form NaO2 or Na2O2 after disproportionation. The morphology of the thus-formed NaO2 was different
from the commonly known cubic shape, which may be attributed to the absence of the solution-mediated
pathway. The same phenomenon occurred when another group also used Na 2O as solid-state electrolyte.
Zhu et al. applied Pt0.8Ir0.2@CNT, where CNT stands for carbon nanotube, as cathode and observed the
discharge-recharge cycle.88 The spherical shaped discharge product NaO2 was generated at the discharge
stage and decomposed at the charge stage. The outside of the sphere tended to disproportionate into
Na2O2, which requires higher charging potentials to decompose (Figure 2.7a-m). CNT with Pt0.8Ir0.2
loading also exhibited faster growth rates than other cathodes (Figure 2.7n) Differences exist between
solid-state electrolyte and liquid-state electrolyte in Na-O2 batteries. The usage of liquid-state electrolyte
can spontaneously promote further side reactions with NaO2 and produce by-products such as Na2O2∙H2O
and Na2CO389-90 while the usage of solid-state electrolytes can avoid this disadvantage, although low
ionic conductivity and poor contact interfaces between the electrodes and the solid-state electrolyte will
seriously impair the batteries performance. Moreover, the lack of solvation from the solvent may also
increase the tendency towards disproportionation of NaO2 and produce Na2O2, which is a less desirable
discharge product. Research on solid-state electrolytes in Na-O2 batteries have been insufficient, and
more investigations are needed for further development of solid-state electrolytes.
Beside all-solid-state electrolytes, quasi-solid electrolytes have also been developed to overcome the
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disadvantages of all-solid-state electrolytes, which seem to be a compromise between solid-state
electrolytes and organic electrolytes. Wu et al. fabricated a quasi-solid-state electrolyte for testing of LiO2 with the advantages of good protection to Li anodes, blocking the crossover of oxygen species, and
most importantly, solving the contact problems. In addition, this system can work under ambient air
instead of just pure oxygen. The contamination from water and CO2 can be minimized using quasi-solidstate electrolyte, and true metal-air batteries can be realized.

Figure 2.7: (a−h) First electrochemical cycle of Na−O2 cells. (i−m) Second cycle of Na−O2 cells. (n) Statistical
volume variations of different hollow spheres as a function of time. Scale bars: 100 nm. 88

2.3.3 Influence of salts
The alkali salts also play a very important role in achieving stable and highly efficient metal-oxygen
batteries. Good alkali salts should possess following qualities: (1) Stable against the attack from O 2species. (2) Inert towards cathode materials and separator. (3) Able to form a stable SEI on the alkali
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metal anode side. (4) Good solubility in solvents with high mobility. In this section, the effects of salts
will be discussed in two parts: Metal ions and Anions.

2.3.3.1 Metal ion
The type of metal ion is decided by the type of metal-oxygen battery (lithium metal for Li-O2 battery and
sodium metal for Na-O2 battery). One of the big characteristics of alkali metal ions is the hardness of the
metal ion. According to the hard-soft based theory, a hard base tends to associate with a hard acid, while
a soft base tends to associate with a soft acid. Since the O2- is a soft base, the ability to associate with O2among alkali metal ions is listed as: K+ > Na+ > Li+. This can give us some clue that KO2 possess the best
stability while LiO2 is unstable and the presence of NaO2/Na2O2 remains complicated. Based on this
knowledge, researchers have used a certain amount of K+ ions as additives in the Na-O2 system to form
more stable superoxide discharge products.91 The concentration of alkali metal ions also has significant
impact on the performance of the metal oxygen battery. In the case of the Li-O2 battery, Wang et al.
proposed a model to demonstrate that the concentration of lithium salts has an influence on the O2
diffusivity and ionic conductivity as well as the diffusivity of Li +. Specifically, a low concentration of
lithium salts can provide enough O2 mass transfer but low Li + mass transfer, while a high concentration
of lithium salts can provide enough Li+ mass transfer but relatively low O2 mass transfer.92 Lack of O2
diffusivity may result in the uneven distribution of Li 2O2 discharge products, which leads to the
ineffective use of the pore volume of the cathode materials. This result clearly shows that there is a tradeoff between the metal-ion mass transfer and the O2 mass transfer. In the Na-O2 battery, a volcano trend
between the Na+ concentration in the electrolyte and discharge capacity has been established, which also
showed that a moderate concentration gives the best battery performance.93 This is because abundant free
DME favours the stabilization of NaO2 at low concentration, while Na+ can also stabilize NaO2 at high
concentration. In this case, a moderate concentration (NaTFSI: DME) endows the Na-O2 battery with the
highest discharge capacity and the largest NaO2 cube size.
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2.3.3.2 Anions
Anions affect metal-oxygen batteries in two major aspects: (1) providing the DN for stabilizing metal
ions; (2) forming the SEI on the anode side. In the Li-O2 battery, anions such as NO3- can provide higher
DN even than the solvent, which will increase the solubility of LiO2 by helping the solvent to stabilize
Li+.94-95 This enhancement of solubility enables the solution mechanism to form the toroidal Li 2O2
discharge product, leading to high discharge capacity. Researchers have compared several anions to
investigate the formation of the SEI on the anode side and concluded that TFSI - can present the most
stable performance.96 In the Na-O2 battery, the sodium salts also affect the electrochemical performance
with its anion part. As for the effect on the solvation process, when the sodium salt was dissolved into
solution, its Na+ ions and anions were stabilized by the donor number (DN) and acceptor number (AN),
respectively. Clearly, there is competition between the solvation effect from the solvent, which is
dependent on the DN and AN number, and the cation-anion electronic interaction. Solvents with low AN
or DN may tilt the competition to the formation of contact ion pairs, while high AN or DN induces the
formation of solvent separated ions. In this case, the Lewis basicity of the salt anion does contribute to
the electronic environment of Na+, and thus affects the formation of the final discharge products. This
impact may become less important, however, by applying high DN and AN solvents such as DMSO.97
As for the effect on the anode, the application of sodium salts with different anions may cause the
formation of different types of solid-electrolyte interphase (SEI) and thus influence the stability of the
whole battery system. Lutz et al. demonstrated that the presence of PF6- anion in DME solvent was to be
responsible for the formation of NaF on the surface of the Na anode, which is a crucial component for
the high stability of the Na-O2 battery, while TFSi- was considered to be detrimental.97

2.4 The influence of catalysts on the chemical and electrochemical reactions
Unlike the Na-O2 battery, the Li-O2 battery exhibits sluggish reaction kinetics during the OER due to the
nature of the discharge products. This technical challenge requires the introduction of an electrocatalyst,
which can be classified into solid and liquid catalyst (redox) mediators. These two different catalysts
represent different decomposition pathways for Li2O2. Generally, the solid catalyst can catalyse oxidation
of Li2O2 in direct contact while the liquid catalyst can decompose Li2O2 on the interface between the
electrolyte and the Li2O2 instead of the cathode/Li2O2 interface. This comparison shows the advantages
of liquid catalyst, but there are also some issues for the liquid catalyst that need to be dealt with before
meeting the requirements for practical application of Li-O2 batteries. In the following section, the details
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on solid catalyst and liquid catalyst will be introduced.

2.4.1 Solid catalyst
Solid catalysts usually consist of two parts: the matrix and the catalyst. Carbon materials are widely
chosen as matrix because they are low-cost, lightweight, and easy to fabricate with large surface area.
Notably, carbon materials are vulnerable to the attack from O2- species and may be decomposed at 3.5
V,98 which is lower than the decomposition voltage of Li 2O2 without the application of catalyst.
Researchers have tried to replace the carbon matrix with Au host.99 Although it exhibited good cycling
stability due to being inert to the O2-, Au is too expensive to become widely used as the matrix in metal
oxygen battery. Catalysts are usually distributed uniformly on the surface of the carbon matrix.
Commonly used solid catalysts include non-metal catalysts, noble metals, perovskites, and transition
metals, which will be discussed later.

2.4.1.1 Descriptors for the catalytic ability of solid catalyst
Apart from the carbon matrix, the catalyst plays an important role in lowering the overpotential of the
Li-O2 battery, increasing its round-trip efficiency. Thus, it is crucial to understand the descriptors for
catalytic ability and how they affect the battery performance.
The oxygen adsorption ability can be used as a descriptor to evaluate the ORR catalytic ability in Li-O2
batteries. Chen’s group has investigated the effect of oxygen adsorption of catalysts on the morphological
changes during the ORR in Li-O2 batteries.45 They concluded that weak O2 adsorption capability can
facilitate the solution mechanism, thus causing the growth of toroidal shaped Li2O2, while strong O2
adsorption drives the surface mechanism where Li2O2 thin films grow on the electrodes. These two
different morphologies of Li2O2 will seriously affect the OER overpotential, since toroidal Li2O2 is
naturally insulating and film-like amorphous Li2O2 can be easily decomposed during charging. Surface
acidity has also been recognized as appropriate descriptor for evaluating OER catalytic ability. They
found a linear relationship between the O2 desorption energy and surface acidity as well as a volcanoshaped relationship between the charging voltage and the surface acidity of the catalyst, which means
that moderate acidity has the optimal catalytic activity during the OER in Li-O2 battery (Figure 2.8a).100
In addition, some researchers claimed that the adsorption energy of intermediates can also considered as
a suitable descriptor. They believe that low adsorption energy stands for good catalytic activity and thus
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result in low charging overpotential. Krishnamurthy et al. have explored the role of the electrocatalyst in
the selectivity of discharge products in metal-oxygen batteries based on the adsorption of
intermediates.101 They suggested that Li2O2 is a more favourable discharge product than Li2O in Li-O2
batteries. In the case of the Na-O2 battery, the nucleation rate of NaO2 is highest on certain facets of noble
metal electrode, and the selectivity between NaO2 and Na2O2 is tuneable with optimal solvent-electrode
choice. Finally, electron transfer also plays an important role in increasing the efficiency of metal-oxygen
batteries. Some studies indicated that it is the increased electronic conductivity of the catalyst that causes
the decrease in overpotential due to the decrease in the ohmic resistance of the cell.102 Notably, Shu et
al. demonstrated the importance of the electron transfer between the catalyst and the carbon matrix on
the performance of Li-O2 batteries. They combined experiments and DFT calculations to prove that the
interfacial interaction between Ru and the carbon matrix spurs the electron transfer and thus optimizes
the adsorption energy of intermediates (Figure 2.8b).103 The projected density of states (PDOS) of the
Ru surface as well as the interfacial Ru between the Ru and the carbon matrix demonstrated the upward
shift of the DOS on interfacial Ru, which indicated a shift in the electron distribution. This electron shift
can therefore enhance the chemical activity of intermediates in Li-O2 batteries. All this descriptor-related
research provides valuable information about designing catalysts to improve the electrochemical
performance of metal-oxygen batteries.

Figure 2.8: (a) Predicted relationship of O2 desorption and charging voltage with surface acidity. 100 (b) Projected
density of states of Ru on Ru/Carbon interface on the left and Ru surface on Ru/Hierarchically Porous Carbon on
the right.103
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2.4.1.2 Introduction of solid catalyst
Over the past decade, many researchers have devoted themselves to exploring suitable solid catalysts for
the Li-O2 battery. In the following section, several commonly investigated catalysts will be introduced,
including carbon materials, noble metals, and transition metal oxides/carbides.

2.4.1.2.1 Carbon materials
Carbon materials possess some major advantages, including low cost, light weight, and abundant
resources that make them very suitable as cathode hosts in Li-O2.104-105 Many carbon materials have been
developed as cathode materials for the Li-O2 battery, such carbon nanotube,106-107 mesocellular carbon
aerogel,108 graphene,109-110 etc. Some of them were used as the matrix to load with solid catalyst.111 Pure
carbon materials also exhibited good ORR activity and may have the potential to achieve metal-free
catalysis with suitable modification,112 which has a great economic and environmentally friendly future.
Before any carbon material can become a cathode for the Li-O2 battery, architecture optimization must
be achieved, which means that high surface area must be accomplished. Numerous studies have been
dedicated to developing novel and well-designed carbon materials such as porous reduced graphene
oxide,113 mesoporous carbon,114 carbon nanotube,115 and some other unique structures with high surface
area (Figure 2.9a-c). An abundant surface area can not only accommodate large amounts of discharge
products, which is the key to achieving high discharge capacity in metal oxygen batteries, but also can
endure higher current density based on the weight of the cathode compared with low surface area carbon.
What is more, porous structure also benefits the mass transport pathways, which can increase the rate
capability of metal oxygen batteries. For instance, Sun’s group fabricated mesoporous carbon nanocubes
as cathode material in Li-O2 batteries and achieved very high discharge capacity (26100 mA g-1) at 200
mA g-1,116 although pure carbon materials showed relatively poor electrochemical activity in Li-O2
batteries. One of the strategies to improve the electrochemical activity of carbon material is doping with
heteroatoms (B, N, S, or P).117-121 This is because by introducing heteroatoms into carbon materials, the
uniform distribution of the π electron system is broken, and this uneven distribution of electrons
facilitates the catalytic activity. Specifically, taking N doping as example, nitrogen element possesses
higher electron affinity than carbon, which causes the carbon atom near the nitrogen atom to be positively
charged. This positively charged carbon atom shows high catalytic activity in both the ORR and the
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OER.122 Apart from heteroatom doping, the intrinsic defects of carbon materials also can tune the
electrochemical activity in the ORR and OER. Jiang et al. has investigated the roles of point defects on
the carbon surface by using first-principles calculations.123 Among five point defect structures, StoneWales (SW) defects and DV5555-6-7777 (four pentagons, one hexagon, and four heptagons) exhibit the
potential to be beneficial to Li-O2 batteries, as shown in Figure 2.9d, due to the following reasons: (1)
these two types of defects show good stability during battery cycling without promoting the generation
of side products; (2) these two defects bring low charge voltage to the Li-O2 battery, which is the key to
increasing the round-trip efficiency; and (3) these two defects demonstrate zero-band-gap semiconductor
behaviour, which guarantee good electrical conductivity; In this case, by combining the defects with the
porous structure, carbon materials have the potential to be applied as suitable cathodes in Li-O2 batteries.
Note that carbon materials can be decomposed at 3.5 V during charging, however. In this case, control
of the operating voltage of the battery may be necessary if carbon materials are used as cathode materials
in the Li-O2 battery. In the case of the Na-O2 battery, since the discharge product NaO2 can be easily
decomposed under low overpotential during charging, porous carbon materials have been considered as
promising candidates as cathode materials for Na-O2 batteries. Many porous carbons have been
investigated in the Na-O2 system and achieved excellent performance.124-125 Notably, the generation of
O2- species has been demonstrated to cause damage to carbon materials, which will be discussed later in
another section.

Figure 2.9: (a) Scanning electron microscope (SEM) image of free-standing, hierarchically porous carbon
electrode.113 (b) TEM image of three dimensionally ordered mesoporous carbon. 114 (c) SEM image of CNT fibrils
with enlargement in the inset. 115 (d) Schematic illustration of the growth pathways for discharge on the DV5555-67777 defect and the SW defect.123
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2.4.1.2.2 Noble metals
The sluggish kinetics in electrochemical reactions of carbon materials has spurred the demand for more
efficient catalysts to solve this problem in Li-O2 batteries. As one of the most widely investigated catalyst
types in the ORR and OER, noble metals and their derivatives have attracted attention. Lu et al. have
demonstrated a Pt/Au bifunctional catalyst as cathode to achieve high performance in the Li-O2 battery.126
In addition, other noble metals and their derivatives, such as RuO2,127 Pt2Ru,128 AgPd-Pd,129 etc., have
also all exhibited good performance. Notably, Lu’s group demonstrated that the unstable intermediate
LiO2 could be stabilized as the discharge products when Ir was applied as catalyst in Li-O2 batteries, as
shown in Figure 2.10a-b.39 They claimed that the generation of LiO2 should be ascribed to the tendency
towards nucleation and growth of crystalline LiO2 phase, which prevents disproportionation of LiO2 into
Li2O2. DFT calculations also have been used to explore the interface between LiO2 and Ir3Li, and found
that there was a good lattice match, which means that Ir nanoparticles can work as templates for the
growth of crystalline LiO2. In this case, Li-O2 batteries can achieve high round-trip efficiency due to the
conductivity of LiO2, which can be easily decomposed under low charging voltages. In the case of the
Na-O2 battery, Chen’s group investigated the influence of RuO2 on the formation of discharge products
in Na-O2 batteries.130 They claimed that the microsize RuO2 played an important role in the formation of
amorphous Na-deficient sodium peroxide due to the high affinity of RuO2 for oxygen while the pure
reduced graphene oxide (rGO) only resulted in the formation of cube-like discharge products, as shown
in Figure 2.10c. The amorphous Na2-xO2 exhibited great electrical contact with RuO2 particles and a
significantly lower charging overpotential. In a word, noble metals have demonstrated quite good
electrochemical performance in metal-oxygen batteries, but their high cost and scarcity are hindering
further development.
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Figure 2.10: (a) High-energy X-ray diffraction (HE-XRD) patterns and (b) Raman spectra for the discharged IrrGO electrode.39 (c) Schematic illustration of the formation mechanism for discharge products on different
electrodes.130

2.4.1.2.3 Metal oxide
Due to the disadvantages of noble metals, as discussed above, researchers have paid great attention to
substitute catalysts. Transition metals and their derivatives have been recognized as potential candidates
in metal oxygen batteries. In this section, transition metal oxide will be discussed. Many transition metal
oxide have been applied as catalysts that increase the round-trip efficiency in the Li-O2 battery, such as
MnO2,131-133 Co3O4,134-139 MoO2140, MCo2O4 (where M represent other metal elements such as Mn , Cu,
and Zn),141-144 and so on. What is more, different morphologies of metal oxides have also been reported
for optimizing the electrochemical performance. Taking NiCo2O4 as an example, nanorod145 and
nanosheet146 NiCo2O4 have been investigated to increase the effective surface contact between the
catalyst and reactant species, and found to benefit mass transfer in the Li-O2 system. This indicated the
importance of the three-dimensional (3D) structure of cathode materials from either loading catalyst
nanoparticles on a high-surface-area matrix such are carbon nanotube and graphene or fabricating the
catalyst itself as a part of the 3D high-surface-area structure.
Besides the transition metal oxides, perovskite-based oxides have also attracted attention, which
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contributed to their advantages: (1) structural and chemical flexibility, (2) good catalytic ability, and (3)
low cost. Many perovskite-based materials have been reported as cathodes in Li-O2 batteries, such as
La0.8Sr0.2MnO3, Sr2CrMoO6-x, Sr0.95Ce0.05Co3-x, etc147-148. Perovskite synthesized by conventional
methods usually exhibits low electronic conductivity and a small surface area, however, which will
seriously damage the electrochemical performance of the battery. Thus, many researchers have
investigated modification methods to solve these problems. Mixing the perovskite oxide with conductive
carbon materials is a suitable way to solve the conductivity problem, and creating porous structured
perovskite is a doable way to solve the low surface area problem. The catalytic ability of perovskite oxide
can be improved by creating lattice strain and oxygen vacancy via introducing heteroatoms into the
perovskite oxide.149 Recently, Kang’s group explored the mechanism of perovskite oxide cathode in the
Li-O2 battery.150 They proposed that the catalytic activity of transition metal sites in the perovskite oxide
fails to describe its performance accurately, but, rather, the collective redox reactions of the lattice oxygen
and transition metal determine the discharge capacity and round-trip efficiency in an Li-O2 battery.

2.4.1.2.4 Transition metal carbide
Transitional metal carbides have also been widely investigated by researchers. Mo2C has been reported
to exhibit very low charging overpotential.151 Sun’s group combined experiments and DFT calculations
to demonstrate the mechanism of Mo2C as it affected the ORR stage of Li-O2 batteries. They proposed
that the formation of a metallic amorphous MoO3-like layer contributed to the high-round trip efficiency
and good stability.152 What is more, Hou et al. also demonstrated that the low valence Mo metal can
provide a suitable environment for the stabilization of O2 species during the ORR and thus make it
possible to obtain amorphous discharge products, which only require low overpotential to decompose.153
In addition, TiC has also been investigated as a cathode catalyst for the Li-O2 battery. Kozmenkova et
al. revealed the tendency of TiC to be easily oxidized by O2 species.154 In this case, they argued that the
TiO2 layer between TiC and the electrolyte plays a crucial part in catalytic ability, since it shows a weakly
O-binding surface, benefiting the Li2O2 formation. This TiO2 layer should be kept as thin as possible,
however, because TiO2 is a wide band-gap semiconductor, which will make the ORR kinetics more
sluggish. Importantly, researchers habe explored the intrinsic properties of transitional met carbides that
can affect the ORR and OER activity.100 They demonstrated that the adsorption energies of Li and LiO2
strongly affect the ORR overpotential, while the adsorption energies of LiO2 hugely influence the OER
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overpotential. These descriptors can be potential descriptors for the catalytic ability of catalysts in the
Li-O2 battery. As a result, they concluded that TiC shows the best catalytic activity in the ORR and OER.

2.4.2 Liquid catalyst (redox mediator)
Apart from the solid catalyst, liquid catalyst (redox mediator) has attracted attention for many years. The
liquid catalysts can be categorized into two different types in the metal-oxygen batteries: ORR redox
mediators and OER redox mediators. The use of an ORR redox mediator is intended to facilitate the
generation of discharge products to increase the discharge capacity in metal oxygen batteries, while the
use of an OER redox mediator is intended to help decompose the discharge products that require large
overpotential to do so. The advantages of using an OER redox mediator over a solid catalyst are presented
in Figure 2.11. In metal-oxygen batteries, a solid catalyst can only decompose the discharge products
with a limited contact area, which circumscribes the decomposition efficiency, while the liquid catalyst
can make sufficient contact with the discharge products, leading to higher decomposition efficiency
during charging.155 In this case, the homogeneously dissolved liquid catalyst has been recognized as
promising catalyst for the metal-oxygen battery. In this following section, the details about mechanisms
of ORR and OER redox mediators will be introduced.

Figure 2.11: Schematic illustration of the decomposition mechanism of solid catalyst and redox mediators during
charging.
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2.4.2.1 The working mechanisms of ORR and OER redox mediator in metal
oxygen batteries
2.4.2.1.1 Mechanism of the ORR redox mediator
The purpose of developing an ORR redox mediator (RM) is to promote the generation of discharge
products at high current rate in metal-oxygen batteries. The reaction equations are listed below:
RM + e- → RM-

(2.11)

RM- + O2 + M → RM + MO2

(2.12)

Unlike the situation where a solid catalyst is applied, the redox mediator rather than oxygen will accept
an electron at electrode surface. This reduced redox mediator then migrates away from cathode surface
and chemically reacts with O2 and alkaline metal ions to form the discharge products. In this case, the
formation of discharge products will take place in the electrolyte rather than the cathode surface, avoiding
passivation of the cathode to reduce sudden death of battery cells. Taking 2,5-di-tert-butyl-1,4benzoquinone (DBBQ) in the Li-O2 battery system as an example, the application of DBBQ increased
the discharge capacity by 80-100 fold compared with the Li-O2 batteries without DBBQ and improved
the discharge current rate to > 1 mA cm-2 with capacity > 4 mAh cm-2.156 In addition, the application of
DBBQ can avoid the generation of the active intermediate LiO2 by forming an LiDDBQ intermediate. In
this case, the absence of LiO2 intermediate can reduce the side reactions between LiO2 and the carbon
matrix as well as the electrolyte.

2.4.2.1.2 Mechanism of OER redox mediator
Over the past several decades, many OER redox mediators have been discovered for metal-O2 batteries.
Because the Na-O2 batteries with NaO2 as discharge product exhibit excellent round-trip efficiency even
without the application of catalyst, however, the development of OER redox mediators has mostly been
focused on the Li-O2 batteries. Many OER redox mediators have been developed such as 2,2,6,6tetramethylpiperidinyloxy

(TEMPO),157

tetrathiafulvalene

(TTF),158

5,10-dimethylphenazine

(DMPZ),159 iron phthalocyanine (FePc),160 tris[4-(diethylamino)phenyl]amine (TDPA),161 LiBr,162 LiI,163
LiNO3,164 etc. The reaction mechanisms are listed below:
RM →e- + RM+

(2.13)

2RM+ + Li2O2 → 2RM + 2Li+ + O2

(2.14)

At the charging stage, it is the redox mediator instead of the discharge product Li2O2 that first provides
electrons to the cathode. The oxidized RM will then chemically react with Li 2O2 and finally generate Li+
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as well as O2. In this case, the charging potential is close to the redox potential of the RM in the Li-O2
battery. Based on these concepts, the design of the RM should follow the rule that the redox potential of
the redox mediator should be lower than the charging potential of the discharge product Li2O2 as well as
any other component in the battery that is higher than the redox potential (2.96 V) of the Li-O2 battery.
Moreover, based on the principle that the potential of an organic redox mediator is determined by its
aromatic properties and conjugate bonding, many organic redox mediators can be designed. Two things
that cannot be ignored, however, are: (1) the C-H bonds next to O/N atoms have the tendency to react
with O2- species, which will cause by-products during electrochemical reactions; (2) the size of redox
mediators determines their ionic mobility, which may cause slow kinetics. In the following section,
different types of redox mediators will be introduced.

2.4.2.2 Redox mediators in Li-O2 batteries
2.4.2.2.1 Organic and organometallic redox mediators
Organic redox mediators usually possess double bonds or an aromatic nature, from which they contribute
electrons during the redox reaction. P.G Bruce’s group has reported TTF as an organic redox mediator
for the Li-O2 battery.158 Generally, TTF transfers electrons to the cathode and becomes oxidized at around
3.4 V versus Li. Next, the oxidized TTF decomposes Li 2O2 into Li+ and O2, and the redox mediator
returns to neutral state. The application of TTF lowers the overpotential by around 0.5 V (Figure 2.12a)
and exhibits very good cycling stability without any degradation. Some reports have demonstrated,
however, that the TTF+ will interact with the carbon electrode, which will seriously damage the cycling
performance.165 Also, there is a report that the use of TTF is accompanied by detrimental side reactions,166
which hugely depends on the choice of electrolytes. Compared with TTF, TEMPO is a relatively stable
radical, which contributes electrons from N-O groups. Its redox potential is close to 3.74 V versus Li+/Li,
and it exhibits good cycling ability. In this case, TEMPO has been considered as a suitable redox mediator
for Li-O2 batteries. To further reduce the overpotential of Li-O2 with TEMPO as redox mediator,
researchers have added methoxy groups to TEMPO to lower the redox potential to 3.5 V, which sheds
light on the modification of redox mediators.
All the redox mediators discussed above are designed for the OER stage to lower the sluggish OER
process. There are many redox mediators that are intended to increase the ORR performance of the LiO2 battery (see the previous section). Some of them achieved that goal by increasing the oxygen
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solubility161, while others such DBBQ can help to stabilize the Li ions in the electrolyte, which finally
facilitates the formation of large toroidal-like Li2O2, enhancing the discharge capacity, as shown in
Figure 2.12b-e.156 The application of DBBQ in the Li-O2 battery resulted in 100 times higher discharge
capacity than for the battery without DBBQ in both TEGDME and DME solvents. Thus, to combine the
benefits of ORR and OER mediators, researchers have applied two redox mediators (DBBQ for the ORR
and tris amine (TMPPA) for the OER) and demonstrated satisfactory results167.
Organometallic redox mediators are composed of transition metal cations and aromatic organic ligands.
Taking iron phthalocyanine (FePc) as example, the metal ion works as the redox centre, and the redox
potentials mostly depend on the type of metal ion and slightly depend on the organic ligands. In addition
to lower OER overpotential in Li-O2 batteries, organometallic redox mediators can also increase the
oxygen solubility and thus lead to an increase in the discharge capacity.160 Apart from FePc, others such
as cobalt bis(terpyridine) (Co(Terp)2), cobalt phthalocyanine, and heme pigment were also explored as
redox mediators in Li-O2 batteries, and these also exhibited good round-trip efficiency.168

Figure 2.12: (a) Comparison of first cycle curves with/without TTF in DMSO (1 M LiClO 4).158 (b, c) Discharge
curves at different current densities in TEGDME and DME. (d, e Enlargements of discharge curves (without
application of DBBQ) in b, c.156
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2.4.2.2.2 Halide redox mediators
The term “halide redox mediators” usually indicates LiBr or LiI163, 169. The mechanism of these two
halide redox mediators is similar, which involves two redox couples: X-/X3- and X3-/X2. The
corrosiveness of I2 and Br2, however, makes the X3-/X2 couple unfavourable in the Li-O2 battery system.
In the first redox couple, I3- or Br3- can be oxidized at low potentials (around 3.5 V) to form I3- or Br3-,
and the oxidized X3- will then react with Li2O2 discharge product to generate oxygen and X- as well as
Li+. One of the great advantages of Li halide compared with organic or organometallic redox mediators
is that Li halide is inert towards both the Li anode and O2- species, which indicates higher stability.
After LiI was first reported as a redox mediator in the Li-O2 battery, this lithium halide attracted attention
as a potential liquid catalyst for increasing the round-trip efficiency of Li-O2 batteries. Many researchers
have reported excellent cycling stability and low overpotentials when LiI was applied as redox
mediator.170 Sun et al. demonstrated, however, that LiI could facilitate side reactions between O2- species
and glyme electrolytes. as shown in Figure 2.13a,170 which resulted in the accumulation of hard-todecompose LiOH. Although reducing the amount of LiI can mitigate the accumulation of LiOH, the
application of LiI as a suitable redox mediator is still questionable. LiBr, however, has not shown such a
tendency in the Li-O2 battery. Only Li2O2 was found as the sole discharge product in Li-O2 batteries
when LiBr was applied as the redox mediator, and no trace of LiOH was found.162 The redox couple of
Br/Br3- is between 3.5 V and 4 V, which is also acceptable for the Li-O2 battery.

2.4.2.3 Redox mediator in Na-O2 batteries
The redox mediators used in Na-O2 batteries are usually ORR redox mediators because the NaO2
discharge product can be easily decomposed. Thus, the OER redox mediators seem to be unnecessary in
the Na-O2 battery system. The application of an ORR redox mediator usually helps to facilitate the
generation of discharge products. Garcia-Araez’s group reported ethyl viologen as a redox mediator for
the Na-O2 battery system.171 Their results indicated that the addition of ethyl viologen improved and
almost doubled the discharge capacity and led to more stable cycling than in the Na-O2 battery cells
without ethyl viologen. Lower pore clogging was identified in the presence of ethyl viologen,
demonstrating the beneficial effect on the solution-mechanism from introducing the ORR intermediate.
In addition, Pan’s group also introduced a new redox mediator, 1,1′-diheptyl-4,4′-bipyridinium (heptyl
viologen) dibromide (HeptVBr 2), to assist in the discharging process.172 The redox mediator HeptVBr 2
works as a shuttling agent to deliver electrons from the cathode surface to the solvated O 2 in the
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electrolyte. In this case, both the discharge capacity and the cycling stability were improved. Moreover,
the introduction of K+ into the Na-O2 battery system can aid in the formation of NaO2 instead of the
random generation of Na2O2 or Na2O2∙H2O because the K+ ions can work to stabilize the superoxide
species, which is the reason for the stable presence of KO2.91 In this case, the superoxide can be obtained
in the Na-O2 batteries and keeps the whole system highly efficiency and stable.

2.4.2.4 Problems arising from redox mediators
Although redox mediators present promising electrochemical performance in Li-O2 batteries, the
application of redox mediators also gives rise to some problems. There are two major side effect from
using redox mediators. One is that the redox mediators may react with lithium metal to form irreversible
products and cause detrimental effects on the battery due to the mobile nature of redox mediators, as
shown in Figure 2.13b,173 which can be referred to as the “shuttle effect”. Another is that the organic or
organometallic redox mediators may suffer from the decomposition mechanism of the electrolyte or the
carbon matrix in the Li-O2 battery due to the highly reactive O2- species. For solving the problem of the
shuttle effect, many researchers have focused on building a “shield” between the anode and the cathode.
Janek’s group has demonstrated a new sodium superionic conductor type ceramic solid electrolyte, Li 1+x+
yAlx(Ti,Ge)2-xSiyP3-yO12 (LATGP), to prevent the mobilization of TEMPO from the cathode side to the
anode side.174 It has been demonstrated that the application of LATGP increased the round-trip efficiency
and stability due to its success in preventing the shuttle effect of redox mediators. Moreover, some
researchers have shown that a coating of poly(3,-4-ethylenedioxythiophene)-polystyrene sulfonate
(PEDOT-PSS) on the separator can also mitigate the mobilization of redox mediators.175 Lim et al. have
explored the key factors that can determine the activity of redox mediators, which has a direct relationship
to both the catalytic activity and the stability.159 They suggested that the ionization energy (IE) can work
as a suitable parameter for predicting the energy level of redox mediators. The electrons from solvents
tend to be extracted if the singly occupied orbitals (SOMO) of the oxidized redox mediator are close to
the HOMO of the solvent, as shown in Figure 2.13c. After combining the experimental results and DFT
calculations, researchers proposed that dimethylphenazine (DMPZ) could be work as a suitable redox
mediator with low charging voltages and inertness towards the solvents. To deal with the instability
problem, Kang et al. demonstrated that the oxidized mediator can oxidize the electrolyte.159 Kwak et al.
proposed possible degeneration routes in electrolytes when TTF and DMPZ were used as redox
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mediators.170 The generation of singlet oxygen has been confirmed, which can also cause the
decomposition of redox mediators and cause the generation of by-products.176 Further understanding of
the instability problem of redox mediators and strategies to solve these problems need to be explored.
Above all, the redox mediators possess many advantages compared with solid catalysts. The liquid form
of redox mediators increases the contact surface with discharge products, which indicates higher
decomposition efficiency. In this case, higher cycling ability can be achieved by using redox mediators.
As to the effects on the charging overpotential, the redox pair of redox mediators determines the charging
potential of batteries, making it clear for researchers when designing the redox mediators for targeted
round trip efficiency in metal-oxygen batteries, while solid catalysts, do not have such obvious indication
when it comes to the catalyst design. However, most of redox mediator is composed of carbon bonds,
which means high vulnerability toward active oxygen species. Although the many solid catalyst materials
also contain carbon, many alternative options like Ni foams working as matrix have the potential to solve
this problem of unstable.

Figure 2.13: (a) Mechanism for the decomposition pathway of ether solvent. 170 (b) Schematic illustration of the
working mechanism of LiI as redox mediator in Li-O2 batteries,173 (c) HOMO and lowest unoccupied molecular
orbital (LUMO) energy diagram for the redox couple of redox mediators in TEGDME, based on DFT calculations. 159
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2.5 Side effects in Li-O2 and Na-O2 batteries.
Although the Li-O2 and Na-O2 batteries have exhibited promising energy density, which may enable
them to become next-generation batteries, instability is one of the major problems in metal oxygen
batteries. Furthermore, the instability of metal oxygen batteries can be attributed to the side effects that
occur during electrochemical processes. These side effects need to be dealt with before metal oxygen
batteries can reach practical application. In the following section, the details about the side effects in
metal oxygen batteries will be introduced.

2.5.1 Singlet Oxygen
Singlet oxygen 1O2 is the excited state of ground state oxygen, which is highly reactive. In metal-oxygen
batteries, the appearance of singlet oxygen has been recognized as the main factor that causes the
decomposition of electrolytes and the carbon matrix98. Taking the Li-O2 battery as an example, Wandt et
al. has demonstrated the presence of 1O2 by using operando electron paramagnetic resonance (EPR)
during the charging stage between 3.55 V and 3.75 V.98 Hassoun et al. suggested that the oxidation of
Li2O2 may generate 1O2 at 3.55 V or above 3.9 V.177 More and more publications indicated, however,
that the disproportionation of superoxide species into peroxide species mostly contributed to the
generation of 1O2 during the discharge and charge stages178-179. In this case, less disproportionation means
less generation of 1O2, which suggested higher stability. In fact, K-O2 batteries or Na-O2 batteries with
NaO2 as discharge product exhibited less generation of 1O2.180 Based on this knowledge, the Lewis acidity
of cations has been considered as a vital influence on the generation of 1O2 because it has a close
relationship with the stability of superoxide species. Li+ favours the formation of peroxide species, while
K+ and the tetrabutylammonium ion (TBA+) favour the formation of superoxide. Na+ showed a rather
blurry property in this regard. Once the superoxide can be stabilized as the main discharge product, the
formation of 1O2 will be suppressed.
Oxidation of CO32- species has also been considered as another way to produce 1O2.181 The CO32- species
(Li2CO3 in the Li-O2 battery and Na2CO3 in Na-O2 battery) has been recognized as a by-product in metal
oxygen batteries, which requires a high oxidation voltage. The generation of 1O2 from the oxidation of
CO32- species makes the presence of such by-products more detrimental to the cycle life of batteries.
During the oxidation of Li2CO3, no O2 evolution was detected. Mahne et al. have demonstrated the
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formation of 1O2 and the side reactions between 1O2 and battery components.181 In this case, the formation
of CO32- should be avoided.
To mitigate the generation of 1O2, some researchers have discovered a way to deactivate the 1O2
(quenching).182 The 1O2 can react with O2- and form 3O2 and O2-, which means that the high concentration
of O2- does not represent a high concentration of 1O2. What is more, by adding certain quenchers, such
as 1,4-diazabicyclo[2.2.2]octane (DABCO), the 1O2 related side reactions have been significantly
mitigated during electrochemical processes.183 There are three quenching mechanisms for physical
quenching (1O2 to 3O2): electronic energy transfer, electronic-to-vibrational energy transfer, and chargetransfer-induced quenching, among which electronic energy transfer exhibits a fast rate but low stability,
while electronic-to-vibrational energy transfer is slow, making the charge-transfer-induced quenching
the most suitable mechanism. Above all, the influence of singlet oxygen is significant and deserves more
academic attention for further development.

2.5.2 Side reactions in alkali-metal oxygen cross-over and metal dendrites
Alkali metals, such as lithium and sodium, possess a highly reactive nature, which makes them vulnerable
under many active species. Thus, the instability of alkali metal is a very critical issue that needs to be
dealt with for future practical application of metal oxygen batteries. So far, the detrimental effects from
anode side can be roughly classified into three categories: (1) metal dendrites; (2) reactions between the
alkali metal and the electrolyte; (3) oxygen species crossover. Among these three categories, (1) and (2)
are the common anode problems that all alkali metal ion batteries with alkali metal as anode suffer from,
while (3) is a unique problem for metal oxygen batteries due to the introduction of oxygen species. Sun’s
group has reported numerous dendritic spots on Na anode surfaces, which can cause short-circuiting
during the charging process.184 What is more, they demonstrated the detrimental results of oxygen species
crossover by compared two Na-O2 batteries with/without protection of the Na anode, as shown in Figure
2.14a-b.185 This protection is obtained by applying carbon paper (CP) on the Na anode side. As a result,
the battery with the protected Na anode exhibited higher cycling stability and lower overpotentials during
charging, which indicated less accumulation of side products on the Na anode once the CP protection
was used. This improvement in the electrochemical performance was ascribed to the synergetic effect
between the carbon paper and the Na anode. By applying CP, the side reactions arising from the oxygen
species tend to occur on the carbon paper surface instead of on the sodium. Moreover, CP protection can
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also suppress the growth of Na dendrites.

2.5.3 Influence from contamination (CO2 and H2O)
The ultimate form of metal oxygen batteries is the metal air battery, which works normally under air
atmosphere, although contaminants from the air, mostly CO2 and H2O, have a huge influence on the
battery’s performance. The presence of CO2 can induce the formation of CO32- species (Li2CO3 in Li-O2
and Na2CO3 in Na-O2), which require high charging potential to decompose. However, the most recent
Li/Na-CO2 batteries promote the formation of CO32- species as discharge products and turn the
contamination into a useful resource, which is significnat for the true metal-air batteries. In this case,
many researchers have investigated the metal oxygen batteries in mixed gas of CO 2/O2 to reveal the
differences from the battery in pure oxygen. Gowda et al. demonstrated that the CO2/O2 mixture in the
ratio of 10/90 exhibited a larger discharge capacity at the same discharge voltage plateau of 2.6 V as with
the battery discharged in pure oxygen, which indicated that Li 2O2 was still the dominant discharge
product.186 To solve the problem of high charging potentials from CO32- species, Hou et al. used Mo2C
as their catalyst, which has been recognized as an efficient catalyst for Li-O2 batteries,187 to reduce the
overpotential of decomposing Li2CO3. As a result, the round-trip efficiency was increased significantly
when Mo2C was applied as the catalyst in pure CO2 atmosphere. They proposed the reaction mechanism
shown in Figure 2.14c. The low valence of molybdenum in Mo2C makes it suitable for stabilizing the
Li2C2O4 intermediate, inhibiting its disproportionation into crystalline Li 2CO3. Thus, the amorphous
Li2C2O4 can be easily decomposed at voltages below 3.5 V in the charging stages.
For the contamination by H2O, the influence is slightly different between Li-O2 and Na-O2 batteries. In
Li-O2 batteries, Meini et al. have demonstrated that a certain amount of water in the batteries can increase
the discharge capacity while keeping Li2O2 as the main discharge product.188 Aetukuri et al. suggested
that H2O can work as a promoter in the electrolyte to help to stabilize LiO2* and form large crystalline
Li2O2 due to the nature of H2O as a strong electron acceptor.189 What is more, the amount of water in the
electrolyte has a huge influence on the morphology of the Li2O2 discharge products, as shown in Figure
2.14d, because the size of toroidal Li2O2 increases with increasing water content (0‒4000 ppm) and this
increased size is responsible for the increase in discharge products, although the morphology will change
into sheets like those of Li2O2 when the water content is in excess.190 In Na-O2, however, the water
content may influence the type of discharge product (Na2O2∙H2O or NaO2), which seriously affects the
final electrochemical performance. Notably, whether the water content will affect the formation of
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Na2O2∙H2O is still in debate. Some researchers have suggested that the high activity of NaO2 makes it
vulnerable to attack by H2O in ambient air,191 while Nagore et al. demonstrated that the NaO2 still
remained the main discharge product, even with the water content was as high as 6000 ppm.51 The change
in the water content from 10 to 6000 ppm merely changed the morphology of NaO2 but no change has
been found in the XRD patterns of the discharge products. In this case, the details of the mechanism for
the formation of Na2O2∙H2O remain to be further investigated.

Figure 2.14: Full discharge-charge curves at different current densities for (a) bare Na anode and (b) protected Na
anode.185 (c) Schematic illustration of the reaction mechanism of Mo2C/CNT and CO2 in batteries.187 (d) Morphology
evolution of the discharge products in Li-O2 batteries with different H2O content.189
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Chapter 3
Experimental
Figure 3.1 shows an outline of the experimental procedures in this doctoral research. The cathode
materials that were synthesised by various methods (hydrothermal, calcination, freeze-drying, and
potassium intercalation) include heterostructured MoO2/Mo2C@RGO, where RGO is reduced graphene
oxide, modified carbon paper, and N-doped porous carbon. These materials were characterized by a
series of physical characterization techniques such as XRD, XPS, SEM, etc. In addition, the
electrochemical tests were carried on coin cells were assembled with the synthesised materials as
cathode. The coin cells could be disassembled to take the discharged/charged cathodes out for further
characterization.

Figure 3.1: Illustration of experimental procedure for the work in this thesis.
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3.1 List of Chemicals
Chemicals / Materials

Formula

Purity

Supplier

Ammonium molybdate tetrahydrate

(NH4)6Mo7O24

99.98%

Sigma-Aldrich

D-(+)-Glucose

C₆H₁₂O₆

99.5%

Sigma-Aldrich

Hydrochloric acid

HCl

37%

Sigma-Aldrich

Hydrogen peroxide

H2O2

30%

Sigma-Aldrich

1-Methyl-2-pyrrolidinone (NMP)

C5H9NO

99.5%

Sigma-Aldrich

Carbon Paper

C

-

Toray

Graphite

C

-

Fluka

Glass fiber

C

GF/D (Grade)

General Electric

Argon gas

Ar

99.9%

BOC

Oxygen gas

O2

99.5%

BOC

Lithium foil

Li

BG (Grade)

Ganfeng

Lithium bis(trifluoromethane)

LiC2F6NO4S2

99.95%

Sigma-Aldrich

Poly(vinylidene) fluoride (PVDF)

-(C2H2F2)n-

-

Sigma-Aldrich

Sulfuric acid

H2SO4

95%

Sigma-Aldrich

Tetraethylene glycol dimethyl ether

C10H22O5

99%

Sigma-Aldrich

Nitric acid

HNO3

70%

Sigma-Aldrich

Sodium chloride

NaCl

99%

Sigma-Aldrich

Polyvinylpyrrolidone (PVP)

(C6H9NO)n

Sodium trifluoromethanesulfonate

CF3SO3Na

98%

Sigma-Aldrich

1,2-Dimethoxyethane (DME)

C4H10O2

99.5%

Sigma-Aldrich

Diethylene glycol dimethyl ether

C6H14O3

99.5%

Sigma-Aldrich

Sodium

Na

99.9%

Sigma-Aldrich

Potassium

K

98%

Sigma-Aldrich

sulfonimide (LiTFSI)

(TEGDME)

Sigma-Aldrich

(NaOTf)

(DEGDME)
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3.2 Methods for preparing materials
3.2.1 Hydrothermal reaction
The hydrothermal method is one of the commonly used methods for the synthesis of nanomaterials.
Because it has the advantages of high temperature (100 - 1000°C) and high vapor pressure (1 MPa – 1
GPa), unique structures such as nanosheets and nanotubes may be obtained. The hydrothermal reactor –
autoclave – used in this thesis consists of a polytetrafluoroethylene (PTFE) vessel and a stainless-steel
protector, for hydrothermal synthesis, an autoclave with the solution and raw materials inside is placed
in an oven, which can be programmed for accurate control of temperature and reaction time. For safety
reasons, the maximum volume of the solution mixture should not be more than 2/3 of the volume of the
PTFE vessel with the operating temperature no more than 250°C. The autoclave cannot be opened unless
it is cooled down to room temperature.

3.2.2 Lyophilization
Lyophilization is a very useful method to dry materials at low temperature. In principle, the boiling point
of water decreases with decreasing pressure. In this case, once the water in the materials freezes into ice,
this ice may turn directly into the gas state from the solid state in the vacuum environment. By using
lyophilization, the nanoparticle materials can be dried without the agglomeration caused by high
temperature. In addition, the evaporated ice leaves holes inside carbon materials to create porous
structure, which benefits the performance of metal-air batteries. In this thesis, an Alpha 1-4 LDplus was
used for materials fabrication.

3.2.3 High-temperature Calcination
All the high-temperature calcination in the three works were carried out in a Carbolite TZF-12 tube
furnace. This tube furnace consists of a cylindrical cavity surrounded by a heating coil. What is more,
the furnace can be precisely controlled by its controller panel, since the ramping rate, calcination time
and temperature can be programmed by the user (< 1300°C). For most of the high temperature reactions,
alumina and fused quartz tubes were used. A gas pipe is attached to one end of the quartz tube for
pumping specific gases to meet reaction needs. Samples were placed in a ceramic boat and then pushed
inside the tube by an iron push rod.
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3.3 Electrochemical characterization
3.3.1 Cyclic Voltammetry
Cyclic Voltammetry (CV) is a commonly used technique to investigate electrochemical variations, which
include redox reactions, electron transfer kinetics, and diffusion coefficients. In CV, the electrode
potentials change with the time (scan rate) and the current responds to the redox reactions during
scanning. Typically, CV operates with three electrodes: a working electrode, a reference electrode, and
a counter electrode. In a battery, however, the reference and the counter electrode are the same, which
makes it a two-electrode system. The working potential is determined by the working and reference
electrodes, while the current is decided by the working and counter electrodes. In this thesis, the CV
technique was conducted on a Biologic VMP-3 electrochemical workstation on Princeton 2273 and 636
instruments (Princeton Applied Research).

3.3.2 Galvanostatic measurements
Galvanostatic measurement is a battery testing technique used to probe the capacity and cycling
performance of batteries. During galvanostatic testing, a constant current was applied to the battery,
which was reversed after the fixed-voltage or fixed-capacity requirement was met. Usually, a negative
current means discharges of the battery, while a positive current stands for charge. The capacity (Q) is
determined by the current and time (Q = I × t), which can be normalized by the weight of the catalyst,
the geometric area of the electrode, or the surface area of the catalyst materials. In this thesis,
galvanostatic testing was performed on a Land CT 2001 battery testing system in O2 atmosphere at room
temperature.

3.3.3 Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) is a commonly used technique used to investigate such
electrochemical behaviour as charge transfer, ohmic resistance, and double layer capacitance. Normally,
the EIS impedance spectrum presents a semicircle in the high frequency area and shows a linear tail in
low frequency area. In the high frequency area, the intercept between the x-axis and the left side of
semicircle represents the ohmic resistance of the battery cell, and the diameter of the semicircle reflects
the kinetic process. At low frequency, the linear tail relates to the diffusion of ions moving into the
electrode. In this thesis, EIS testing was performed on a Princeton 2273 workstation (Princeton Applied
Reasearch).
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3.4 Physical characterization
3.4.1 Scanning Electron Microscopy
Scanning electron microscopy (SEM) is based on a powerful SEM microscope that can provide
information about the morphology and structure of materials on the nanoscale. During the operation of
an SEM, the electron gun launches a high-energy beam and strikes the sample, causing secondary
electron (SEs) and backscattered electron (BSEs). A special detector can collect the SEs as well as BSEs,
create an image, and offer information about certain characteristics such as the topographical and
composition content of the sample. In this thesis, a field-emission scanning electron microscope (FESEM, JEOL JSM-7500FA) was used for characterization of the materials and electrodes.

3.4.2 Raman spectroscopy
Raman spectroscopy is a powerful and commonly used characterization technique to investigate the
vibrational, rotational, and other low frequency modes of sample structures. During the operation of
Raman spectroscopy, the inelastic scattering of monochromatic light induced by irradiation of the sample
can interact with molecular vibrations, causing energy shifts. Each energy shift mirrors the wavelength
of one specific chemical structure. Hence, structural information at the molecular level can be easily
identified. In this thesis, Raman spectroscopy was implemented on a JOBIN YVON HR 800 Horiba
Raman spectrometer with laser wavelength of 623.8 nm.

3.4.3 X-ray diffraction
X-ray diffraction (XRD) is a commonly used tool to identify information on crystals, such as their
crystallographic structures and phases. Here, the principle of XRD is shown in Figure 2.3.3. The specific
lattice spacing (d-spacing) of a crystal can induce the scattering of X-rays with unique angles, depending
on their wavelength. This whole pattern of the scattered X-rays can be described by the relationship
between the crystal structure and the angles, which is known as Bragg’s law:
𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃
Where the n means integer, λ represents the X-ray wavelength of X-ray beam, d stands for the lattice
spacing, and θ the incidence angle.
In this thesis, the XRD measurements were carried out a GBC MMA X-ray diffractometer with Cu Kα
(λ = 15406Å) radiation, which was run under the voltage of 40 kV and current of 25 mA.
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3.4.4 X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) is a very useful tool to detect surface information such as
elemental valence, empirical formula, and electronic states of materials, including inorganic compounds,
polymers, and other materials. During the operation of XPS, a beam of X-rays strikes the sample
materials, and the information about the escaped electrons from the surface of the material (less than 10
nm in depth) is captured, based on which, the XPS spectra are acquired. In this thesis, XPS measurements
were carried out on a PHOIBOS 100 Analyzer system (SPECS) using Al Kα X-ray radiation with photon
energy of 1486.6 eV under 12 kV and 120 W. The final XPS data were quantitively analysed with the
CasaXPS 2315 software package.

3.4.5 Fourier transform infrared spectroscopy
Fourier transform infrared spectroscopy (FTIR) is a powerful tool for analysis of absorption
spectroscopy. During the operation of FTIR, infrared radiation is transmitted or adsorbed during the
interaction between the IR radiation and the sample material. The results are spectra that can reflect the
chemical bonds in molecules. Therefore, FTIR is very suitable for the characterization of functional
groups in organic molecules and amorphous materials, which cannot be identified by XRD. In this thesis,
FTIR spectra were collected on a Shimazu IR Prestige-21 model Fourier transform infrared spectrometer.
FTIR was used to investigate the amorphous discharge products and recharged electrodes in Li-O2
batteries.

3.4.6 Energy dispersive X-ray spectroscopy
Energy dispersive X-ray spectroscopy (EDS) is a powerful analytical technique for characterization of
the elemental content of a sample. In principle, a high-energy beam strikes the sample to stimulate the
emission of characteristic X-rays, and the energy-dispersive spectrometer will measure the number and
energy of the X-rays. Because the atomic structure gives rise to a unique set of peaks in its spectrum,
EDS can reflect the elemental composition of the specimen. In this thesis, EDS data based on SEM
observations were collected on a Bruker X-Flash 4010 SDD energy-dispersive X-ray detector.
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3.4.7 Transmission electron microscopy
Transmission electron microscopy (TEM) is a powerful microscopy technique that can provide higher
resolution than SEM microscopes. It has been used for investigating the morphology, lattice spacing,
crystal orientation, and electronic structure of materials. In principle, the electron beam is transmitted
through tye sample to obtain an image. For scanning transmission electron microscopy (STEM), which
is one type of TEM, electron beam will focus on one spot at a time and scan over the sample in a raster
pattern to obtain fine information about its morphological and electronic structures. In this case, more
analytical techniques, including electron energy loss spectroscopy (EELS) and X-ray energy dispersive
spectroscopy (EDS), can be used in STEM. In this thesis, TEM observations were performed on a JEOL
2011 TEM, and a JEOL ARM-200F TEM.

3.4.8 Thermogravimetric analysis
Thermogravimetric analysis (TGA) is a commonly used technique to measure the weight changes in a
specimen with increasing temperature, which can be very useful to determine the precise weight changes
engendered by the decomposition or oxidation of chemicals/materials, as well as the loss of volatiles.
Thermogravimetric analysers usually consist of a control system that can accurately control the
temperature and the rate temperature increase, a small furnace, a precision balance, and gas connection.
In this thesis, TGA was performed on a Q 500 (TA Instruments) with the Q Series software V. The range
of temperature is from room temperature to 950°C in air / argon with a heating rate of 10°C min -1.
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Chapter 4
Heterostructured Mo2C-MoO2 as Highly Efficient Catalyst for
Rechargeable Li-O2 Battery
4.1 Introduction
The Li-O2 battery has attracted huge academic attention in recent years because it provides three to five
time’s larger energy density than widely used lithium batteries. The calculated energy density is 11,586
Wh kg-1 which is comparable to the gasoline, making it as a prospective alternative power source for
electric vehicles instead of Li-ion batteries.192 However, some factors such as sluggish kinetic reactions,
instability of electrolyte and electrode towards O2, and insulating by-products become the main
challenges of its practical application. 7 Among all these problems, sluggish kinetic reactions have been
considered as the most critical one, which is present in the form of high overpotential, leading to poor
round-trip efficiency. One of the main reasons for high overpotential is the presence of the insulating
discharge product Li2O2, with a band gap that was predicted to be about 4.2 eV by using the HeydScuseria-Ernzerhof (HSE) screened hybrid functional. 193 Although both conductive LiO2 and insulating
Li2O2 have been reported as possible major discharge product in the Li-O2 battery system,194-195 many
groups have demonstrated that LiO2 is extremely unstable during the reaction process which makes Li2O2
the main discharge product.196-198 In this case, a high charging voltage (above 3.5 V) would also easily
decompose the carbon matrix as well as the electrolyte and generate by-products to further damage the
round-trip efficiency.199 For future practical use of the Li-O2 battery, the efficiency needs to be at least
80%, which is spurring the need for an efficient catalyst to reduce the huge overpotential in the Li-O2
battery.200
This huge device overpotential is highly related to the electrochemical process in the Li-O2 battery: 2Li+
+ 2e- + O2 ↔ Li2O2. In this reversible electrochemical process, however, the oxygen evolution reaction
(OER) which relates to the decomposition of insulating Li 2O2 plays a more critical role in determining
device overpotential since the oxygen reduction reaction (ORR) shows very low overpotential (about
0.3V or less) in this system. Unlike the OER process in fuel cells, the OER process in non-aqueous LiO2 battery takes place under an organic electrolyte environment and at a solid-solid interface
(catalyst/Li2O2) instead of a solid-gas or solid-liquid interface, which have huge differences from the
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solid-solid one. Han et al. identified the adsorption energies of Li + as a descriptor to evaluate PtTM (TM
= Co, Ti) alloy as catalyst for the Li-O2 battery.201 Wen’s group proposed a model of surface acidity as a
descriptor to explore the catalytic ability of transition metals as catalysts in the Li-O2 system, which
demonstrated the importance of electron exchange between the catalyst and the discharge products.100
Notably, all of the relevant descriptors are closely connected with the intrinsic properties of discharge
products, such as electronic conductivity and ionic conductivity. Thus, the defect engineering of
discharge products such as Li2O2 can be very important for reducing overpotentials.
Defect engineering has been divided into four types based on the atomic structures: Li-deficient Li2O2,
doped Li2O2, Li2O2 with surface/grain boundaries, and amorphous Li2O2, which is recognized as the
extreme case among the defects, making it the most efficient target in reducing overpotential.37 The
amorphous Li2O2 possesses some advantages compared to crystalline products, for example, it is 4 orders
of magnitude higher in electronic conductivity and 12 orders of magnitude higher in ionic conductivity. 202
These huge advantages are ascribed to the higher mobility and concentration of lithium vacancies, which
are responsible for the lower overpotential, and thus makes controlling the crystallinity necessary. To
control the crystallinity of Li2O2 discharge product, some researchers have explored the effect of the
donor number (DN) of the electrolyte on the formation of Li 2O2. Most of high DN electrolytes are
unstable under attack by O2-, however, and some high DN electrolyte for instance, dimethyl sulfoxide
(DMSO) are even unstable in the presence of carbon or lithium metal.203 Therefore, it would be an
alternative strategy to develop a catalyst for controlling the crystallinity and morphology of discharge
products. Since the oxygen affinity of the catalyst has been considered as one of major factors in the
different morphologies of discharge products.45 enhancing the oxygen adsorption capability can be a
suitable way to optimize catalyst design.
It has been suggested that creating heterostructures by coupling different nanostructures with band gaps
can not only facilitate charge transport, but also improves the capability of oxygen adsorption and hugely
enhances the surface reaction kinetics at the high energy interface of heterostructures. 204-205 Fong’s group
reported Mo2C/MoO2 loaded on N-doped foam as an efficient bio functional catalyst, considering that
MoO2 is a good catalyst for the ORR reaction while Mo2C is a good OER catalyst, and ascribed the
extremely low overpotential (0.35 V) to the synergistic effects of MoO2/Mo2C [19].206 This performance
was outstanding, yet the specific synergistic effects remain unclear, which is worth exploration.
In this work, MoO2/Mo2C@reduced graphene oxide (RGO) composite was synthesized as cathode and
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investigated on the synergistic effects for Li-O2 battery system. As a result, the synergistic effects in this
system were found to contribute to the improved capability of oxygen adsorption that the heterostructures
provided, triggering the formation of a film-like amorphous morphology, and then leading to extremely
low overpotential of the battery. In addition, we used density functional theory (DFT) calculation to
investigate the change in ability to adsorb oxygen after the introduction of the heterostructure. This work
broadens the strategies to analyze electrochemical processes in Li-O2 batteries by demonstrating the
importance of heterostructures, and brings new insight, providing ideas that could help to synthesize
stable catalysts for the Li-O2 cathode. We used reduced graphene oxide (RGO) to wrap all the MoO2
precursor, to uniformly convert MoO2 in situ into
MoO2/Mo2C heterostructures at a certain temperature, at which most of the carbon was consumed,
benefiting the stability of battery by reducing the attack on the carbon by O 2- to generate by-products,
although some remained as a conductive network for the catalyst at the end of the synthesis. This
hydrothermal-calcination method that we used in preparing MoO2/Mo2C@RGO heterostructure is also
convenient, efficient, and controllable, making it suitable for the preparation of other advanced transition
metal carbides with heterostructures.

4.2 Experimental
Chemicals and Materials: Ammonium heptamolybdate((NH4)6Mo7O24, Sigma-Aldrich,99.98%),
glucose (C6H12O6, Sigma-Aldrich, ≥99.5), sulphuric acid (H2SO4, 95.0%-98.0%), potassium nitrate
(KNO3, Sigma-Aldrich, ≥99.0%), potassium permanganate (KMnO4, Sigma-Aldrich, ≥99.0%), Sodium
nitrate (NaNO3, Sigma-Aldrich, ≥99.0%), graphite flakes (Aladdin, 99.95%), N-methyl-2-pyrrolidone
(NMP, Sigma-Aldrich, ≥99.5%), Hydrogen peroxide (H2O2, Sigma-Aldrich, 30 wt. % in H2O),
tetraethylene

glycol

dimethyl

ether

(TEGDME,

Sigma-Aldrich,

≥99%),

lithium

bis

(trifluoromethanesulfonyl) imide (LiTFSI, Sigma-Aldrich, 99.95%), and molybdenum carbide (Mo2C,
Sigma-Aldrich，325mesh, 99.5%).
Preparation of Mo2C/MoO2@RGO composite materials: The graphene oxide (GO) was fabricated by
the modified Hummers’ method.207 Glucose (0.25 g) and (NH4)6Mo7O24·4H2O (1 g) were dissolved in
10 ml deionized (DI) water. 20 ml GO solution (5 mg ml -1) was then poured into the mixed solution.
After the mixture was sonicated for half hour at room temperature, it was transferred into a 100 ml Teflon
stainless steel autoclave and heated in an oven at 200 °C for 12 hours. After that, the MoO 2@RGO
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precursor was washed with DI water and ethanol 3 times, and then put it in 60 °C oven for 12 h. For the
synthesis of Mo2C/MoO2@RGO, the MoO2@RGO was under calcination at 745 °C for 4 h with flowing
argon the temperature increased at 2 °C min-1 after purging by argon to expel air for 2 h at room
temperature. The final products could be collected after the furnace cooled down to 25°C. The
Mo2C@RGO was prepared by a similar process with the temperature of calcination at 830 °C.
Electrochemical

characterization of

Li-O2

battery:

Mo2C@RGO

(or

MoO2@RGO,

or

Mo2C/MoO2@RGO) materials were mixed with polyvinylidene fluoride binder (PVDF) at a weight ratio
of 8:2 of the active materials to PVDF and mixed with NMP solvent to form a slurry, which was put onto
carbon paper disks (diameter of 14 mm) and then dried in a vacuum oven at 120 °C for 12 h. The amount
of loading was about 2 mg. The coin cells which were used in electrochemical tests were composed of
a cathode, 100 µL electrolyte (1 M LiTFSI in TEGDME) penetrated a glass fibre separator (Whatman
GF/D microfiber filter paper, 2.7 μm pore size) and a lithium metal anode. The assembly procedure was
conducted in an argon-filled glove box (content of O2 and H2O < 0.1 ppm). The performance of batteries
has been recorded by battery testing system (LAND electronic CO. Ltd., Wuhan, China). Cyclic
voltammetry (CV) with potential range between 2.0 V and 4.5 V (Li/Li +) at the scan rate of 0.1 mV s-1
and electrochemical impedance spectroscopy (EIS) were tested by VMP3 electrochemical station. All
the electrochemical tests were conducted under O2 atmosphere unless being marked otherwise.
Physical Characterization: The XRD was measured on a GBC MMA XRD (λ = 1.54 Å), with current
and voltages at 25 mA and -40 kV respectively. Thermogravimetric (TG) analysis (Q500 TA
instruments) was conducted under air to measure the content ratio of carbon over temperature range from
50 °C to 950 °C at the rate of 10 °C min -1. The morphology of materials was investigated with a JEOL
JSM-7500FA field emission scanning electron microscopy (FE-SEM) with accelerating voltage at 5.0
kV and emission current at 10 mA Scanning transmission electron microscopy (STEM) was applied to
investigate on some details of interface structures. The Raman spectroscopy was conducted on a JobinYvon Horiba 800 with a 10 mW helium/neon laser at 632.81 nm excitation. A VG Scientific ESCALAB
2201XL instrument configured with Al Kα X-ray radiation was used for XPS measurements, and data
were processed using CasaXPS software and calibrated with the C 1s peak of the C-H bond at 284.6 eV.
Computational details: All the DFT calculations were performed with the Perdew-Burke-Ernzerhof
(PBE) functional using the VASP code. The projector-augmented wave (PAW) method was applied to
represent the core-valence electron interactions. The valence electronic states were expanded in plane
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wave basis sets with the energy cut-off at 400 eV. For the bulk structure, 9×9×6 and 5×5×5 k-point
meshes were used for Mo2C and MoO2, respectively. The convergence criterion of the total energy was
set to be within 1 × 10-5 eV for the k-point integration. and the force threshold for the optimization was
0.05 eV Å-1. Mo2C (101) and MoO2 (-111) facets were modelled as p (2×2) periodic slabs with four
layers. The bottom two layers were fixed, and all other atoms were fully relaxed, with 3×5×1 and 5×4×1
k-point meshes selected, respectively. For the interface model, two layers of Mo2C (101) were loaded on
four layers of MoO2 (-111). A 3×2×1 k-point mesh was used, and all atoms except in oxygen molecules
were fixed. The vacuum between slabs was 10 Å.

4.3 Result and Discussion
A schematic diagram (Figure 4.1a) depicts synthesis process for Mo2C/MoO2@RGO composite. First,
(NH4)6Mo7O24 and glucose were mixed with the as-prepared graphene oxide (GO) solution for
hydrothermal synthesis. After obtaining the MoO2@RGO precursor (Figure 4.1b), we calcined the
precursor at different temperatures according to the thermogravimetric analysis curve (Figure 4.2) to
obtain the Mo2C/MoO2@RGO composite (Figure 4.1c) or Mo2C@RGO if the temperature of calcination
was over 830 °C (Figure 4.3). In the first step, carbon react with MoO2 to generate Mo2C on the surface.
With increasing temperature, the carbon penetrates into Mo2C to reach the interface to further react with
MoO2 until all the MoO2 is converted to Mo2C.208 A clearer view of the nanoparticles indicates the
consuming of carbon. As shown in the X-ray diffraction patterns (Figure 4.1d), the diffraction peaks at
34.5 °, 38.0 °, 39.6 °, 52.3 °, 61.9 °, 69.8 °, and 75.0 ° indicated the different phase of β-Mo2C, which
reflect (100), (002), (101), (102), (110), (103), and (112) planes, while 26.0°, 36.7°, 53.1°, 60.2°, and
66.6° were assigned to the (-111), (200), (220), (031), and (-402) planes of MoO2, with the co-existence
of both Mo2C peaks and MoO2 peaks indicating that part of the MoO2 had been successfully transformed
into Mo2C@RGO.
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Figure 4.1: (a) Schematic synthesis process of MoO2@RGO, Mo2C/MoO2@RGO, and Mo2C@RGO. (b) SEM
image of MoO2@RGO; (c) SEM image of MoO2/Mo2C@RGO; (d) XRD pattern of MoO2@RGO and
MoO2/Mo2C@RGO.

Figure 4.2: TGA curve of MoO2@RGO precursor calcined in argon. The products remained as MoO2@RGO Before
700˚C, and MoO2 starts to convert into Mo2C at the begaining of 700˚C, in which stage MoO2 and Mo2C co-exist.
After 830˚C, All MoO2 convert into Mo2C and only Mo2C exists.
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Figure 4.3: Physical characterisation of over-calcined Mo2C/RGO product (a) XRD pattern; (b) SEM image and 3D
model of Mo2C@RGO.

The Raman spectrum of Mo2C/MoO2@RGO is presented in Figure 4.4a, which also confirms the coexistence of MoO2 and Mo2C as well as presence of RGO.209 The composition of the surface chemical
states was explored by X-ray photoelectron spectroscopy. The spectrum presents the results that the
Mo2C/MoO2@RGO consists of Mo, C, and O elements, and the Mo 3d spectrum suggests the existence
of different oxidation states for Mo on surface as shown in Figure 4.4b. Mo-C bonds in Mo2C contribute
to the Mo2+ state and part of the low oxidation states of Mo3+, while other study demonstrated that MoO bonds can also be assigned to the presence of Mo3+ and Mo5+ in MoO2, and Mo6+ in MoO3 due to air
contamination.210-211 The high-resolution transmission electron microscope image in Figure 4c
demonstrates the uniform dispersion of composite nanoparticles. And the scanning transmission electron
microscope (STEM) images present the (101) planes of Mo2C and the (-111) planes of MoO2, as shown
in Figure 4.4(d, e), in which the heterostructures between Mo2C and MoO2 are clearly revealed,
indicating that it is a chemical composite instead of physical mixture. The scanning electron microscopy
‒ energy dispersive X-ray spectroscopy (SEM-EDX) analysis demonstrates the weight ratios of 41.39%
(Mo), 20.41% (O), and 38.20% (Figure 4.5a). Moreover, the elemental mapping of both scanning
transmission electron ‒ energy dispersive X-ray spectroscopy (STEM-EDX) (Figure 4.4f-i) and SEMEDX (Figure 4.5b-e) indicates the uniform distribution of Mo, O, and C.
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Figure 4.4: Physical characterization of the obtained materials. (a) Raman spectrum of MoO 2/Mo2C@RGO; (b)
XPS spectrum of Mo 3d for MoO2/Mo2C@RGO; (c) Transmission electron microscope (TEM) image of
MoO2/Mo2C@RGO; (d, e) STEM images of the interface of MoO2 (-111) and Mo2C (101); and (f-i) Elemental
mapping analysis of MoO2/Mo2C@RGO.

Figure 4.5: (a) EDX elemental analysis of MoO2/Mo2C@RGO (b-e) elemental mapping in micrometre scale of C,
Mo, and O.

Electrochemical testing of the reaction kinetics of Mo2 C/MoO2@RGO was conducted by cyclic
voltammetry (CV) under O2 and argon between 2.0 and 4.5 V (vs. Li/Li+) with 0.1 mV s-1 scan rates as
shown in Figure 4.6. The oxygen reduction reaction (ORR) process starts at 2.8 V (vs. Li/Li +), while the
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oxygen evolution reaction (OER) process begins at 3.25 V (vs. Li/Li +), where discharge products manage
to decompose. Furthermore, the results for the active material in different atmospheres and the testing of
different active materials in O2 atmosphere suggest that the active material Mo2C/MoO2@RGO plays an
important part in the catalytic effect, while there are no obvious peaks in inert atmosphere. Figure 4.7
presents the results of electrochemical testing of coin cells consisted of lithium metal anode, 1 M LiTFSI
in TEGDME as the electrolyte and the active materials. The full discharge-charge curves in Figure 3a
show the differences between the different active materials at 100 mAh/g. The pure RGO shows the
highest overpotential due to the lack of catalyst, while the other battery catalysts present lower
overpotential. Among them, the Mo2C works as a better catalyst for Li-O2 battery and possesses better
electrical conductivity compared to MoO2, which leads to better round-trip efficiency. What is more, the
co-existence of Mo2C and MoO2 on RGO (Mo2C/MoO2@RGO) presents the best performance among
these four materials, with not only the highest specific capacity (2365 mAh g-1) and but also the lowest
total overpotential (0.56 V). The rate capability has also been investigated, as shown in Figure 4.7b. We
can observe that the overpotentials remain the lowest and the specific capacity remains the highest at
specific current of 100 mAh/g. With increasing current density (from 100 mA/g to 800 mA/g), however,
the overpotentials and specific capacity still are comparable to the best performance (only 17.8% specific
capacity degradation and 10% round trip-efficiency degradation), which demonstrates the great
electrochemical stability of MoO2/Mo2C@RGO. Figure 4.7c-e shows the cut-off specific capacity (1000
mAh/g) curves for the different catalysts at current density of 200 mA/g. MoO2@RGO without Mo2C
only exhibit acceptable OER reaction kinetics in the first cycle, and then the round-trip efficiency
diminishes quickly, while samples with Mo2C show low overpotential and stable performance. Between
Mo2C@RGO and MoO2/Mo2C@RGO, the sample with MoO2/Mo2C heterostructures demonstrates not
only the highest round-trip efficiency, but also the best stability. Figure 4.7f shows the relationship
between the cycle number and the round-trip efficiency which presents the electrochemical superiority
of MoO2/Mo2C@RGO more clearly. Compared with previous reports of Mo2C or MoO2 as catalyst in
Li-O2 batteries systems, the heterostructured Mo2C/MoO2@RGO demonstrated a significant
improvement in overpotential and cycling ability as Table 4.1 shown. Notably, 100 cycles are considered
as pretty stable performance for carbon matrix. Although the replacement of Ni foam to carbon matrix
can increase the stability of catalyst, 212 the cost of catalyst will inevitably rise.
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Figure 4.6: (a) Cyclic voltammetry of MoO2/Mo2C@RGO in O2 and Ar; (b) Cyclic voltammetry of
MoO2/Mo2C@rGO and rGO in oxygen atmosphere. The scan rate is 0.1 mV s-1 and the electrolyte is 1 M LiTFSI in
TEGDME.

Figure 4.7: Battery testing with different materials as cathode. (a) Voltage profiles of different active materials in
full discharge-charge in Li-O2 batteries; (b) Voltage profiles of different current density for MoO2/Mo2C@RGO; (c)
Cut-off capacity curves of MoO2@RGO, (d) cut-off capacity curves of Mo2C@RGO, and (e) cut-off capacity curves
of MoO2/Mo2C@RGO for different cycles at current density of 200 mA/g. (f) Round-trip efficiency of batteries with
different catalysts.
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Table 4.1: The comparison between this work and other works with Mo2C or MoO2 as catalyst in Li-O2
batteries.
Overpotential (first cycle)

Stability (under 4.0 at charging)

This work (MoO2/Mo2C@RGO)

380 mV (100mA g-1)

100 (100mA g-1)

Mo2C-NR@NC213

520 mV (100mA g-1)

20 (100mA g-1)

Mo2C/CNT152

500 mV (100mA g-1)

100 (100mA g-1)

Mo2C/NFs214

1000mV (200mA g-1)

40 (200mA g-1)

Mo2C/Ni foam212

700 mV (200mA g-1)

150 (200mA g-1)

MoO2/Ni foam212

800 mV (200mA g-1)

100 (200mA g-1)

MoO2/CTs140

520 mV (0.2 mA cm-2)

100 (0.2 mA cm-2)

To explore the superiority of Mo2C/MoO2@RGO to MoO2@RGO and Mo2C@RGO, the reversibility of
MoO2@RGO, Mo2C@RGO, and Mo2C/MoO2@RGO was investigated by tracking the process of
evolution of the discharge products at a constant current density of 20 μA cm -2 with XRD, scanning
electron microscopy (SEM), and XPS. In Figure 4.8, after discharge of three different pristine electrodes
(Figure 4.8a, d, g), different morphologies of the discharge products were presented in accordance with
the different cathode electrode materials (Figure 4.8b, e, h), and the XRD patterns revealed the
crystallinity of those discharge products (Figure 4.9). Among these morphologies, the battery with
toroidal shaped discharge products with good Li2O2 discharge crystallinity exhibited high overpotential,
while the others with amorphous morphology for their discharge products showed very low
overpotential. The reason for the better performance of the amorphous film-like discharge products and
amorphous dendritic discharge products than the toroidal discharge products is that the relatively
conductive amorphous Li2O2 can enable fast electron tunnelling, leading to a more facile decomposition
process.215 After recharge, only Mo2C/MoO2@RGO electrode exhibited a clean surface as in the pristine
state, while MoO2@RGO and Mo2C@RGO electrode remained unclean (Figure 4.8c, f, i). FTIR
spectrum have confirmed the formation of Li 2CO3 in MoO2@RGO and Mo2C@RGO electrodes after
recharge from the peaks at 862 cm-1, while MoO2/Mo2C@RGO electrode shows no peak at this
wavelength (Figure 4.10),165 which explains the poor cycling performance of MoO2@RGO and
Mo2C@RGO. It is notable that some researchers have suggested that the toroidal shape discharge
products may contribute to higher specific capacity than the film-like discharge products,215 but many
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factors, including the structure of the electrode, the pore volume, and the side products can also influence
the specific capacity. In this case, the heterostructures may contribute to the higher specific capacity due
to the increased capability for oxygen adsorption, which will be discussed later in the density functional
theory calculations (DFT) part, protecting the carbon matrix as well as the electrolyte from attack by O2
and the generation of by-products, which will not only cause bad cyclability, but also seriously damage
the specific capacity.216-217

Figure 4.8: SEM images of discharge and recharge products for different electrodes. MoO2@RGO in the (a) pristine,
(b) discharged, and (c) recharged states; Mo2C@RGO in the (d) pristine, (e) discharged, and (f) recharged states;
MoO2/Mo2C@RGO in the (g) pristine, (h) discharged, and (i) recharged states

Figure 4.9: XRD pattern of electrodes of (a) MoO2/RGO; (b) MoO2/Mo2C@RGO; (c) Mo2C@RGO at pristine,
discharge and charge stages.

75

Figure 4.10: FT-IR spectrum of different recharged electrodes.

X-ray photoelectron spectroscopy (XPS) of Mo 3d was conducted and fitted with elements states of
Mo2+, Mo3+, Mo5+, and Mo6+ on the surface of Mo2C/MoO2 @RGO electrode, as shown in Figure 11(ac). For the pristine Mo2C/MoO2@RGO, the existence of Mo-Mo and Mo-C bonds contributed to the low
oxidation states Mo2+ and (partially) Mo3+. The oxidation of Mo3+ and Mo5+ can be explained by the
presence of MoO2, while the oxidation of Mo6+ was the result of surface contamination by MoO3. After
discharge, the peaks for Mo2+ and Mo3+ almost disappeared, suggesting the formation of the discharge
products Li2O2, which was confirmed by the XPS spectrum of Li 1s in Figure 4.12a. The impedance for
cells with Mo2C/MoO2@RGO in different states was further investigated by electrochemical impedance
spectroscopy (EIS) with the equivalent circuit model as shown in Figure 4.12b. The impedance increases
significantly after discharging due to the generation of insulating Li 2O2, and the impedance almost
recovers to its pristine state because of the decomposition of Li 2O2, which is consistent with the XRD,
SEM, and XPS results discussed above. TEM images of MoO2/Mo2C@RGO demonstrated the existence
of interfaces after recharge (Figure 4.13), proving that the interface can keep working to provide efficient
active sites during the cycling, rather than disappearing after discharge. Above all, the good reversibility
of Mo2C/MoO2@RGO exhibited during cell cycling was associated with the formation and
decomposition of thin film-like amorphous Li2O2. To confirm whether the interaction force of RGO
towards Mo2C/MoO2 has an influence on its electrochemical performance, a reference experiment on
MoO2/Mo2C without RGO has been conducted. XRD and Raman spectroscopy have confirmed the
coexistence of MoO2 and Mo2C in the absence of RGO (Figure 4.14a-b). Nanoparticles of MoO2 and
Mo2C agglomerate easily and form 200 nm to 600 nm clusters during calcination without RGO (Figure
4.14c-d). In electrochemical testing, extremely low overpotential was demonstrated because of the
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heterostructures formed by MoO2 and Mo2C, but the cycling stability was poor which is attributed to the
agglomeration of nanoparticles (Figure 4.14e). Thin-film discharge products can be observed, which are
consistent with the situation when MoO2/Mo2C@RGO is applied, confirming the major effect of the
heterostructures between MoO2 and Mo2C on electrochemical processes (Figure 4.14f). It is very clear
that the lack of RGO will not impair the reaction kinetics, but the agglomeration of nanoparticles caused
by less support from RGO can diminish the cycling stability of batteries.

Figure 4.11: XPS of Mo 3d at (a) pristine; (b) discharge; (c) charge states.

Figure 4.12: (a) XPS narrow scan of Li 1s after discharge, (b) EIS of battery with MoO 2/Mo2C@RGO electrode in
different states
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Figure 4.13: TEM image for recharged MoO2/Mo2C@RGO materials.

Figure 4.14: (a) XRD of MoO2/Mo2C; (b) Raman spectrum of MoO2/Mo2C; (c-d) SEM images of MoO2/Mo2C; (e)
cut-off sepecific capacity curve of MoO2/Mo2C; (f) SEM images for discharged state of MoO2/Mo2C.

The effects of the relative contents of MoO2 and Mo2C on the electrochemical properties have been
investigated (Figure 4.15a). The relative contents of MoO2 and Mo2C can be roughly evaluated based
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on the intensity of the XRD peaks (Figure 4.15b-d). Based on previous electrochemical results and
Figure 4.16a, we can conclude that there is a volcano-shape curve for relationship between the content
of Mo2C and the reaction kinetic (Figure 4.15e). MoO2@RGO presents the least electrochemical
activity. The reaction kinetics increases with increasing of Mo2C content until it reaches a certain point
and then decreases with further increase of the Mo2C content. This volcano-shape curve indicates the
electrochemical superiority of the medium content of Mo2C in MoO2/Mo2C@RGO.

Figure 4.15: (a) full discharge-recharge curve of MoO2/Mo2C@RGO materials with different relative intensity of
Mo2C XRD peaks; (b) XRD pattern of low Mo2C peaks; (c) XRD pattern of medium Mo2C peaks; (d) XRD pattern
of high Mo2C peaks; (e) Volcano-shape curve of the relation between the content of Mo2C and reaction kinetic.
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Figure 4.16: Atomic model for explaining the oxygen adsorption. Clean surfaces of a) MoO2 (-111), (b) Mo2C (101),
and (c) MoO2/Mo2C interface models. Oxygen adsorption models: (d) MoO2 (-111), (e) Mo2C (101), and (f) MoO2Mo2C interface. Red is O, cyan is Mo, and grey is C.

We further explored the mechanism behind the formation of different morphologies of Li 2O2 based on
DFT calculation. Figure 4.16 presents atomic models of MoO2 (-111), Mo2C (101), and MoO2/Mo2C
with a clean surface (Figure 16a-c) as well as the oxygen adsorption models (Figure 16d-f). The Mo-O
in the adsorption models indicates that the adsorption of oxygen takes place on the Mo atom, which is in
accordance with previous results.152 The adsorption energy (∆H) was defined as follows (Eq. (4.1)):
(4.1)

∆𝐻 = 𝐸𝑂2∗ − 𝐸∗ − 𝐸𝑂2(𝑔)

Where 𝐸𝑂2∗ is the total energy of the final state in which O2 interact with the clean surface, while 𝐸∗ and
𝐸𝑂2(𝑔) represent the total energy of the clean surface and the gas phase energy of O2, respectively. For
this purpose, a negative value of the adsorption energy indicates that the adsorption is stronger, while a
positive value represents weaker bonding. The oxygen adsorption energies of MoO2@RGO,
Mo2C@RGO, and MoO2/Mo2C@RGO were calculated (-1.08, -1.23, and -1.38 eV, respectively) (Table
4.2), and the results showed that the MoO2-Mo2C interface has the highest ability to adsorb oxygen. This
is because a great amount of valence electrons move to the interface, causing an imbalanced charge
distribution,218 which enable Mo atom to stabilize the chemisorption of O2. During the discharge stage,
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a cathode with stronger O2 adsorption capability can make adsorbing O2* easier and then accepting an
electron to form O2- species, which generates surface adsorbed LiO2* by combining with Li+ as follows
(Eqs. (2-3)).
𝑂2 ∗ + 𝑒 − → 𝑂2 −

(4.2)

𝐿𝑖 + + 𝑂2 − → 𝐿𝑖𝑂2 ∗

(4.3)

This adsorbed LiO2* can either disproportionate into Li2O2 or be further reduced to Li2O2 after accepting
another electron from the cathode. In this case, Li 2O2 nucleates and grows in a surface mechanism to
form the thin-film discharge product. In the charge stage, this thin-film-like Li2O2 can be easily
decomposed under low overpotential into Li+ and O2 due to its amorphous nature (Figure 4.17).

Figure 4.17: schematic of the discharge/charge reactions on MoO2/Mo2C@RGO cathode in Li-O2 battery.

Table 4.2: Oxygen adsorption energy of the three models.

Oxygen
adsorption
model
∆H (eV)

MoO2(-111)

Mo2C(101)

-1.08

-1.23

MoO2Mo2C
interface
-1.38

4.4 Conclusion
In summary, we have exploited heterostructured Mo2C/MoO2@RGO composite as catalyst for Li-O2
battery with improved cycling performance and high round-trip efficiency. The DFT calculations
indicated that the morphology of the Li2O2 varies with oxygen adsorption and demonstrated that the
existence of interfaces between Mo2C (101) and MoO2 (-111) increases the ability to adsorb oxygen,
which not only benefits the ORR process, but also causes the whole reaction process to favor nucleation
instead of crystal growth, contributing to the formation of thin-film discharge products. Correspondingly,
the overpotential can be extremely low (0.29 V at the first cycle), owing to the more facile decomposition
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of the amorphous discharge products. What is more, keeping the charging curve in the low stage can not
only prevent the decomposition of electrolyte, which leads to the formation of by-products like Li2CO3,
but also avoids the decomposition of Mo2C (below 3.8 V).153 This work explored the effects of
heterostructures on the performance of the Li-O2 battery and provides insight into the optimization
strategy for designing catalysts for the Li-O2 battery.
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Chapter 5
Modified Carbon Paper Cathode for Li-O2 and Na-O2 Batteries
5.1 Introduction
Nonaqueous Li-O2 and Na-O2 batteries have attracted the attention of researchers as promising nextgeneration rechargeable batteries due to their outstanding energy density. 192,

219-220

Unlike the

conventional Li/Na-ion battery, Li-O2 and Na-O2 batteries usually need carbon paper substrates to not
only make sure of effective oxygen diffusion, but also to work as the support for the catalyst, which is
the key to solving the sluggish kinetics problem.7 The application of catalyst materials usually involves
the use of a binder, however, such as poly(vinylidene difluoride) (PVDF), which has been considered
unstable in metal oxygen battery systems. 221 Thus, researchers have been encouraged to develop new
binder-free, free-standing air cathodes for metal-oxygen batteries. Catalysts, such as AuPt alloy, 222
MnO2,131, 223 MoS2 coated TiN,224 and graphitic (g)-C3N4225 were directly grown on the surfaces of carbon
papers in attempts to improve the electrochemical performance of metal-oxygen batteries. The
application of catalyst still costs a fortune, however, and puts additional weight on the battery, which
may jeopardize the specific capacity. Therefore, the activation of carbon paper itself (without a catalyst)
may be an economic option for further development of metal-oxygen batteries. Specifically, activation
means boosting its catalytic ability towards the oxygen reduction reaction (ORR), the oxygen evolution
reaction (OER), or both (bifunctional), which can be achieved by creating defects in carbon materials. 226
In this case, it is essential to understand the problems in Li-O2 and Na-O2 battery systems for rationally
engineering such a modification of carbon paper.
The major problem for Li-O2 batteries is that they face a serious kinetic problem during charging due to
the insulating nature of Li2O2.227 So, a suitable catalyst for Li-O2 batteries needs to solve the high OER
overpotential problem. There are two potential options: increasing the OER catalytic ability of the applied
catalyst or creating amorphous Li2O2 as the discharge product, because it has been proved to be easily
decomposed during the charging process.228 The OER catalytic ability of carbon materials, however, can
hardly compare with those of metal-based materials.229 In this case, creating amorphous Li2O2 as
discharge product becomes a more efficient way to achieve low overpotential when only carbon materials
are applied as cathode in Li-O2 batteries. Our previous work has suggested that improved capability of
oxygen adsorption can induce the formation of amorphous Li 2O2,230 which agrees with other reports. 45
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Therefore, improving the ability of carbon materials to adsorb oxygen may result in the formation of
amorphous Li2O2 and thus lower the overpotential in Li-O2 batteries. In the case Na-O2, however, unlike
Li-O2 batteries, the OER kinetics is not a huge problem because NaO2 (the main discharge product in
Na-O2) can be easily decomposed during the OER, granting Na-O2 batteries high round-trip efficiency.231
In this case, it is essential to improve its ORR efficiency to increase the discharge capability and avoid
premature death.219 A suitable catalyst for Na-O2 batteries needs to facilitate ORR efficiency, which can
be achieved by improving the oxygen adsorption on carbon materials, accelerating the ORR process.101
Therefore, by increasing its oxygen adsorption capability, the carbon paper itself can be an efficient
catalyst for both Li-O2 and Na-O2 batteries.
To increase the oxygen adsorption of carbon surface, the electron distribution on the carbon surface needs
to be changed and thus create highly charged active sites to improve its chemical bonds toward O
species.232 This can be achieved by either replacing some carbon atoms with heteroatoms (B, N, S, P,
etc.),232-235 due to the different electronegativity of heteroatoms from that of carbon atoms, which causes
the electrons to shift toward the atoms with higher electronegativity, or creating carbon defects such as
pentagonal structures,226 zigzag structures,236 or lattice distortion.237 Jiang et al. used density functional
theory (DFT) calculations to predict that the presence of carbon defects can significantly improve the
oxygen adsorption in metal-oxygen batteries.226 In addition, Yarmoff’s group experimentally
demonstrated that oxygen can be adsorbed on carbon vacancy defects in graphene instead of the substrate
at room temperature, proving the improved oxygen adsorption on carbon defects.238 The existence of
carbon defects also breaks the symmetry of the regular electron distribution of carbon atoms and thus
results in higher catalytic ability on the active sites for the ORR process. 239
In this research, uniformly distributed lattice distortion is created in carbon paper by intercalating
potassium atoms into the graphite interlayer and then reacting with ethanol to create defects on the carbon
surface. By controlling the reaction conditions, modified carbon paper with different levels of lattice
distortion have been produced. In Li-O2 batteries, the MCP-2 induces the formation of amorphous Li2O2,
which can not only increase the space on the carbon fibres for abundant active sites, but also decreases
the overpotential because of the easily decomposed amorphous Li 2O2. In Na-O2 batteries, the modified
carbon paper increases the ORR and OER activity. As a result, the modified carbon paper subjected to
ultrasonification exhibited specific capacity that was about 5 times higher than that of raw carbon paper
in Li-O2 and 10 times higher in Na-O2 batteries, as well as improved rate capability and stable cycling
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performance in both Li-O2 batteries and Na-O2 batteries. This work has given rise to new insights on the
application of carbon paper in metal-oxygen batteries and provided the possibility of direct usage of
carbon paper for not only the support matrix, but also the catalyst, to improve battery performance.

5.2 Experimental part
Chemicals and materials: Carbon papers (AvCarb MGL190) were purchased from Fuel Cell, etc.
Potassium, ethanol, tetraethylene glycol dimethyl ether (TEGDME, ≥99%), 1,2-dimethoxyethane
anhydrous, 99.5% (DME, Sigma-Aldrich), trifluoromethanesulfonate (NaCO3SF3, Sigma-Aldrich), and
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, ≥99.95%) were purchased from Sigma-Aldrich.
Preparation of modified carbon paper: The modified carbon paper was fabricated by the reaction
between potassium and ethanol in raw carbon paper (denoted as RCP). Firstly, raw carbon papers were
mixed with 0.4 g of potassium in a Pyrex glass vessel, which was then evacuated. Secondly, the evacuated
Pyrex vessel was put into an oil bath at 320 ˚C and kept there for 3 hours. Thirdly, after cooling to room
temperature, air was pumped into the evacuated Pyrex vessel, and ethanol was added immediately to
react with the potassium, which had become embedded into the carbon paper. Finally, the modified
carbon paper (denoted as MCP-1) was obtained by washing the reacted carbon paper and drying it in an
oven at 70 ˚C. To fabricate modified carbon with higher level of disorder (denoted as MCP-2). 30 min
of ultrasonification was needed after the ethanol was added.
Physical characterization: The morphology of all the carbon papers was investigated with a JEOL7500FA field emission scanning electron microscopy (FE-SEM) with 5.0 kV accelerating voltage and
10 mA emission current as well as with a JEOL-2010 transmission electron microscope (TEM). X-ray
diffraction (XRD) was conducted on a PANalytical Empyrean XRD (λ = 1.54 Å) with current and
voltages at 40 mA and -40 kV, respectively. X-ray photoelectron spectroscopy (XPS) was conducted on
an ESCALAB 2201XL instrument configured with Al Kα X-ray radiation, and the data was analysed by
CasaXPS software with 284.6 eV C 1s peak calibration. Raman spectroscopy was conducted on JobinYvon Horiba 800 instrument with a 10 mW helium/neon laser at 632.91 nm excitation.
Electrochemical characterization: To assemble the metal-oxygen batteries, coin-type cells (CR2032)
were used with 16 air holes as the outer shell on the cathode side to guarantee sufficient O2 flow into the
cathode during battery testing. All metal-oxygen batteries contained a cathode (RCP, MCP-1, or MCP2), 100 µL of electrolyte, a glass fibre separator (Whatman GF/D microfiber filter paper, 2.7 µm pore
size), and an alkali metal anode. In the Li-O2 batteries, the electrolyte was 1 M LiTFSI in TEGDME, and
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the anode was lithium metal. In the Na-O2 batteries, the electrolyte was 0.5 M NaCO3SF3 dissolved in
DME, and the anode was sodium metal. The whole battery assembly procedure was performed in an
argon-filled glove box (O2 and H2O < 0.1 ppm). To evaluate the electrochemical behaviour of the metaloxygen batteries, galvanostatic tests were conducted using a LAND electronic testing system (LAND
Electronic Co., Ltd., Wuhan, China). Cyclic voltammetry (CV) on the Li-O2 batteries was conducted
within the potential range of 2.0 V to 4.5 V (Li/Li+) at a scan rate of 0.5 mV/s, and the CV for Na-O2 was
performed over the potential rage of 1.5 V to 3.0 V (Na/Na +) at the scan rate of 0.5 mV/s. All the
electrochemical tests were conducted under O2 atmosphere unless being marked otherwise.

5.3 Results and discussion
A schematic diagram of the synthesis process is presented in Figure 5.1. The potassium atoms penetrates
into the covalently bonded graphite interlayers at 320°C due to weak van der Waals forces. 240 The
potassium impregnated carbon paper can then interact with ethanol in inert atmosphere and generate
hydrogen to disrupt the graphite integrity (MCP-1).241 With the assistance of 30 min ultrasonification,
the potassium in the graphite interlayers will continue to intensively react with ethanol to further
disintegrate the graphite in the carbon paper (MCP-2).242 Notably, the carbon paper turned darker after
modification and ultrasonification (Figure 5.2a-c). The ultrasonification can cause more thorough
disruption to the graphite lattice during the reaction between potassium and ethanol on the carbon surface,
although excessively long ultrasonification (45 min) can cause irreversible damage to carbon paper and
tear it apart, as shown in Figure 5.2d.

Figure 5.1: Illustration of the synthesis process for the modified carbon papers (MCP-1 and MCP-2).
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Figure 5.2: Photographs of (a) RCP, (b) MCP-1, (c) MCP-2 with ultrasonification 30, and (d) MCP with
ultrasonification for 45 mins.

The morphology of raw carbon paper (RCP) modified carbon paper-1 (MCP-1), and MCP with a higher
level of disordered lattice (MCP-2) was characterized by SEM and TEM (Figure 5.3a-f). Figure 5.3a
presents the structure of the carbon fibres in carbon paper before modification and Figure 3b shows the
integrity of the lattice fringes of RCP. After modification by tge potassium-ethanol reaction, the surface
of MCP-1 turned rough and the integrity of the lattice fringes was broken (Figure 5.3c, d). With 30 min
ultrasonification, numerous bumps appeared on the MCP-2 carbon surface (Figure 5.3e), and the lattice
fringes were more disordered than for MCP-1 (Figure 5.3f). The comparison of the XRD patterns in
Figure 3g also confirmed that there was a decrease in the crystallinity with an increasing level of disorder.
The intensity of the (002) peak decreased by around 75% after modification without ultrasonification
and decreased by around 91% after a 30 min ultrasonification. In addition, the full width at half maximum
of the peaks increased after modification, which indicates that the crystal size of the (002) facet was
reduced due to distortion of the lattice, which was caused by the intensive reaction between potassium
and ethanol. The crystal size continued to decrease after ultrasonification, and the position of the (002)
peak shifted towards lower angles, which indicated that the interplanar spacing increased significantly,
based on Bragg’s law. The Raman spectrum demonstrated the level of lattice disorder on the carbon
surface, as shown in Figure 5.3h shown. The ratio of the D band to the G band of raw carbon paper was
1.14, while those of MCP-1 and MCP-2 showed values of 1.35 and 1.73, respectively. A higher value of
the ratio indicates more carbon defects on the surface243. The XPS results in Figure 5.3i shows that the
RCP exhibited no O-C=O groups, while MCP-1 demonstrated a significant amount of O-C=O group.
After ultrasonification, MCP-2 showed even higher evidence of O-C=O groups. This increasing pattern
of O-C=O group can reflect the content of defects, because many carbon defects (e.g., zigzag and
armchair carbon) can be easier to oxidized than plain graphite.244-245 In this case, MCP-2 possessed the
highest content of carbon defects, and MCP-1 possessed a higher content of carbon defects than RCP.
The content of K in modified carbon paper has been shown in Figure 5.4. The atomic ratio of K 2p is
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17.97%, which can be contributed to the remains of the potassium we used during synthesis process.

Figure 5.3: SEM and TEM images for (a, b) raw carbon paper (RCP), (c, d) modified carbon paper (MCP-1), and
(e, f) modified carbon paper with a higher level of disorder (MCP-2). (g) XRD patterns, (h) Raman spectra, and (i)
XPS C 1s narrow scans for RCP, MCP-1, and MCP-2.

Figure 5.4: The xps spectrue of modifed carbon paper

To explore the electrochemical properties of RCP, MCP-1, and MCP-2, cyclic voltammetry (CV)
experiments were conducted under O2 atmosphere over the potential range of 2.0 to 4.5 V (vs. Li/Li +)

88

with a 0.5 mV/s scan rate (Figure 5.5a). The onset potential of the cathodic (ORR) and anodic processes
(OER) suggested the beginning of the formation and decomposition of discharge products, respectively.
MCP-1 exhibited a higher onset potential than RCP, and MCP-2 demonstrated the highest onset potential
in the ORR process, indicating that the ORR performance improved with increasing amounts of carbon
defects. MCP-2 also showed highest ORR current density, which suggested that the most discharge
products were formed compared with RCP and MCP-1.246 The OER process of RCP and MCP-1
suggested an onset potential of 4.1 V (vs. Li+/Li) while MCP-2 only showed an onset potential of 3.1 V
(vs. Li+/Li). In addition, the high OER current density of MCP-2 at around 3.5 V (vs. Li+/Li)
demonstrated an efficient Li2O2 decomposition process. The huge difference in the OER performance
cannot be ascribed to merely the improvement of OER catalytic ability brought about by abundant carbon
defects. Galvanostatic tests were also conducted (Figure 5.5b). RCP exhibited a low discharge capacity
(0.49 mAh/cm2) and very high overpotential (2.0 V), which represents very high kinetic barriers,
consistent with a previous theoretical prediction about the decomposition of Li 2O2.193 MCP-1, however,
showed four times higher discharge capacity than RCP and relatively lower overpotential. MCP-2 also
demonstrated very high discharge capacity (2.37 mAh/cm2), and more importantly, it presented reduced
overpotential (by 0.5 V) compared with RCP. The energy densities of RCP, MCP-1 and MCP-2 are 12.00
Wh m-2, 48.59 Wh m-2, 60.00 Wh m-2 separately. The rate capability was evaluated by performing full
discharge-charge experiments at different current densities. The overpotential of Li-O2 batteries with
MCP-2 as cathode remained unchanged even after increasing the current density to 0.15 mA cm

-2

(Figure 5.6a), while RCP and MCP-1 experienced large overpotential and huge degradation of discharge
capacity at 0.15 mA/cm2(Figure 5.6b, c). At higher current density of 0.30 mA/cm2, the discharge
capacity was reduced to 1.33 mAh/cm2, and the overpotential only showed slight changes, which
demonstrated the improved rate capability after modification by ultrasonification. In terms of stability,
the MCP-2 demonstrated 80 cycles at fixed specific capacity (0.25 mAh/cm2) (Figure 5.7a), exhibiting
good stability compared with RCP and MCP-1 (Figure 5.7b, c). These electrochemical testing results
indicated that MCP-2 possesses higher capacity, better round-trip efficiency, and more stability than RCP
and MCP-1. These huge electrochemical differences may not be attributable to the higher catalytic ability
of the cathode towards the OER, since the point-to-point solid catalyst may have difficulty in efficiently
decomposing Li2O2 efficiently.247 It is reasonable to deduce that other factors may affect the
electrochemical performance.
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Figure 5.5: (a) Cyclic voltammetry curves, and (b) full discharge-charge curves for RCP, MCP-1, and MCP-2.

Figure 5.6: (a) Rate capability of MCP-2; full discharge-charge curves of (b) RCP and (c) MCP at 0.15 mA/cm2.

Figure 5.7: Cycling performances of (a) MCP-2 at 0.05 mA cm-2, (b) RCP, and (c) MCP-1 at 0.05 mA cm-2.

To reveal the crucial factors behind the electrochemical difference among RCP, MCP-1, and MCP-2, the
fully discharged states of these three electrodes were investigated by SEM (Figure 5.8a-c). The toroidal
shaped discharge product indicates typical Li2O2 in Figure 5.8a, b, which has also been confirmed by
XRD (Figure 5.9a). The particle size of the Li2O2 in the RCP discharged electrode is relatively higher
than in the MCP-1 discharged electrode, while the density of Li2O2 distribution in the MCP-1 discharged
electrode is larger than in RCP. Normally, large-size Li2O2 represents higher discharge capacity.248 In
this case, however, the surface area of carbon fibre in RCP was not fully occupied by the Li 2O2, which
means low Li2O2 content. Unlike RCP, MCP-1 discharged electrodes show a very dense distribution of
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Li2O2, endowing them with higher discharge capacity in Li-O2 batteries. The MCP-2 discharged
electrodes present an amorphous film-like discharge product. The lack of peaks in the XRD pattern
suggested the amorphous nature of this film-like discharge product (Figure 5.9a), and the XPS spectra
demonstrated that this film-like discharge product is Li2O2 (Figure 5.9b). These results suggest the
successful formation of amorphous Li2O2. Notably, this amorphous Li2O2 is also densely distributed and
thus leads to high discharge capacity in Li-O2 batteries. Comparing the discharged RCP, MCP-1, and
MCP-2 electrodes, the differences in Li2O2 morphology are correlated with the discharge performance
of the batteries. To distinguish the electrochemical difference between toroidal Li2O2 and amorphous
Li2O2, electrochemical impedance spectroscopy (EIS) testing of the three discharged electrodes was
conducted and showed that the amorphous film-like discharge products possess the lowest impedance,
suggesting that amorphous Li2O2 is more conductive than the toroidal Li2O2 (Figure 5.9c).230 This low
impedance feature of amorphous Li2O2 contributes to the relatively low charging overpotential of Li-O2
batteries. To investigate the reversibility of these carbon materials, SEM images of recharged electrodes
of RCP, MCP-1, and MCP-2 were also investigated (Figure 5.10a-c). The recharged RCP electrodes
showed some remaining discharge product on the surfaces of the carbon fibres. In addition, MCP-1
exhibited even more remains on the surface. while MCP-2 showed a relatively clean carbon surface. To
explore the remnant discharge product on the RCP and MCP-1 carbon surfaces, the Raman spectroscopy
and Fourier transform infrared spectroscopy (FTIR) of the three electrodes in the discharged state
demonstrated that the recharged RCP and MCP-1 had Li2CO3 as the remnant by-product on the electrode
surface, as shown in Figure 5.11a, b. The Li2CO3 peaks of the MCP-1 recharged electrodes showed
higher intensity than for the RCP recharged electrodes in both the Raman and the FTIR spectra, which
corresponds to the presence of more remains on the MCP-1 recharged surface, as shown in Figure 5.10b.
These experimental results suggested that MCP-2 with amorphous Li2O2 as discharge product has better
reversibility than RCP and MCP-1 with toroidal-shaped Li2O2 as their discharge product.249

Figure 5.8: SEM images of discharged electrodes from Li-O2 batteries of (a) RCP, (b) MCP-1, and (c) MCP-2.
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Figure 5.9: (a) XRD patterns for discharged RCP, MCP-1, and MCP-2; (b) XPS narrow scan of Li 1s for MCP-2
discharged electrode, and (c) the EIS spectra of the three electrodes in the discharged state.

Figure 5.10: SEM images of (a) RCP, (b) MCP-1, and (c) MCP-2 recharged electrodes.

Figure 5.11: (a) Raman spectra and (b) FTIR spectra for the recharged states of RCP, MCP-1, and MCP-2 electrodes.

The electrochemical performances of the three electrodes in Na-O2 were also investigated, as shown in
Figure 5.12. The CV measurements (scan rate of 0.5mV/s) in Figure 5.12a demonstrate that MCP-1
shows higher ORR performance than RCP, suggesting that the presence of carbon defects improved the
ORR catalytic ability and decomposition efficiency of NaO2. Thus, MCP-2 (with the highest carbon
defect content) exhibited higher current peaks than MCP-1 in the ORR, indicating that MCP-2 possesses
the highest ORR efficiency. In the OER process, MCP-1 demonstrated a higher current response than
RCP, and MCP-2 outperformed MCP-1 at 2.5 V vs (Na/Na+), which suggested that carbon defects also
facilitated the NaO2 decomposition in the OER process. To evaluate the specific capacity and charging
performance, the full discharge/charge behaviour was investigated as shown in Figure 5.12b. MCP-2
exhibited over a 10-fold greater discharge capacity than the RCP electrode and one that was almost twice
as high as for MCP-1. The energy densities of RCP, MCP-1 and MCP-2 are 2.32 Wh m-2,15.51 Wh m-
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2

,and 31.36 Wh m-2 separately. In the charging stage (OER process), RCP exhibited very low charging

capacity (28.3% Coulombic efficiency), while MCP-1 showed 46.2% Coulombic efficiency. MCP-2,
however, exhibited 72.1% Coulombic efficiency, demonstrating the highest decomposition efficiency
among all three electrodes during the OER process. In addition, the rate capability testing of MCP-2
demonstrated that the discharge capacity remained high (around 1.4 mAh/cm 2) at high current density
(Figure 5.12c). Figure 11d presents the stable cycling capability of MCP-2 (25 cycles) at the current rate
of 0.2 mA cm-2, outperforming the cycling stabilities of RCP and MCP-1 (Figure 5.13a, b), which can
be attributed to the higher NaO2 decomposition efficiency of MCP-2. Moreover, the MCP-2 showed a
discharge voltage stage at around 2.2 V vs (Na/Na +) before 20 cycles, higher than for MCP-1 (around
2.1 V vs. Na/Na+) and RCP (around 1.8 V vs. Na/Na+). This result also indicates that MCP-2 possesses
higher ORR catalytic ability than MCP-1 and RCP for lowering the discharge overpotential. The
discharge stage of MCP-2 was degraded from 2.2 V to 2.0 V vs. (Na/Na +) after 20 cycles, which may be
attributed to the passivation of active sites. 250

Figure 5.12: (a) CV curves and (b) full discharge-recharge curves for RCP, MCP-1, and MCP-2 electrodes; (c) rate
capability and (c) cycling performance of MCP-2.

To understand the superiority of MCP-2 in Na-O2 batteries, the discharged and recharged RCP, MCP-1,
and MCP-2 electrodes were investigated. The SEM images in Figure 5.13a-c show the discharged RCP,
MCP-1, and MCP-2 electrodes, respectively. The discharged RCP electrode exhibits nanoparticles
covering the surfaces of the carbon fibres (Figure 5.14a), which lead to low discharge capacity. MCP-1
shows cubic-shaped discharge products 500 nm ‒ 1μm in size (Figure 5.14b). These abundant discharge
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products can explain the increased discharge capacity of MCP-1 compared with RCP. MCP-2 presents
larger-sized discharge products (1.5‒2 μm), as shown in Figure 5.14c, which resulted in the highest
discharge capacity among the three electrodes. 93 The XRD patterns for the discharged electrodes
demonstrated that the cubic-shaped discharge products are NaO2, as shown in Figure 5.15, which agrees
with previous reports.93, 185, 251 SEM images of the recharged RCP, MCP-1, and MCP-2 electrodes are
presented in Figure 5.16a-c. The recharged RCP exhibited thick nanoparticles remaining on the surfaces
of the carbon fibres which may be by-products. In addition, the recharged MCP-1 also exhibited many
remaining by-products on the surface, which kept their cubic shape. These remains may be the result of
spontaneous reactions between NaO2 and the glyme electrolyte.35 The recharged MCP-2 electrode
showed a relatively clean surface, which may be due to higher efficiency in decomposing the discharge
products and remaining material, although there are still some remnants on the surface. To understand
the composition of the remnants, Raman and FTIR spectra were collected for the recharged RCP, MCP1, and MCP-2 electrodes, as shown in Figure 5.17a, b. The results indicated the generation of Na2CO3
by-products, which is consistent with a previous report. 35 The accumulation of Na2CO3 will seriously
jeopardize the cycling stability of the Na-O2 battery and thus cause relatively low cycling performance.

Figure 5.13: The cycling performances of (a) RCP and (b) MCP-1.

Figure 5.14: SEM images for discharged electrode in Na-O2 of (a) RCP, (b) MCP-1, (c) MCP-2.
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Figure 5.15: XRD patterns for MCP-2 electrode in the discharged state.

Figure 5.16: SEM images for recharged (a) RCP, (b) MCP-1, and (c) MCP-2 electrodes.

Figure 5.17: (a) Raman spectra and (b) FTIR spectra for the recharged RCP, MCP-1, and MCP-2 electrodes.

To elucidate the mechanism of RCP, MCP-1, and MCP-2 operation in Li-O2 and Na-O2 batteries, a
schematic illustration is presented in Figure 5.18. The different colours of the electrodes represent
different oxygen adsorption capabilities. In the Li-O2 battery system, the RCP with low oxygen
adsorption capability can only produce limited lithium peroxide with a sparse distribution, which
indicates the insufficient use of the carbon surface. When the oxygen adsorption capability was increased
by creating abundant carbon defects on the carbon surface, Li 2O2 nanoclusters tended to nucleate on
these high energy defects. In this case, the presence of abundant carbon defects suggests numerous
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nucleation sites on the carbon surface. Thus, the distribution of toroidal Li2O2 becomes dense and thus
improves the discharge capacity. Copious insulating bulk Li2O2, however, leads to difficulty in
decomposing this discharge product and thus causes poor cycling performance. Notably, when the
oxygen adsorption capability keeps increasing, the morphology of Li 2O2 changes from bulk Li2O2 to an
amorphous film. This is because the improved oxygen adsorption capability of the carbon surface can
facilitate the formation of amorphous Li2O2 via a surface mechanism.45 Because the amorphous Li2O2 is
easier to decompose37, the round-trip efficiency and cycling stability were improved significantly. In NaO2 batteries, the RCP only exhibited a few nanoparticles covering the carbon surface, which was
responsible for the low discharge capacity and passivation of discharge products. MCP-1, however,
exhibited cubic NaO2 discharge products distributed densely on the carbon surface, which led to
improved discharge capacity, because the carbon defects could not only promote the uniform distribution
of NaO2, but also increased the ORR catalytic ability, which supported the consistent growth of cubic
NaO2.Therefore, due to higher content of carbon defects, the MCP-2 exhibited even larger sized cubic
NaO2, which resulted in higher discharge capacity. The different variation of discharge products’
morphology between Li-O2 batteries and Na-O2 batteries may lie to the difference of reaction mechanism.
In Li-O2 batteries, the generation of bulk toroidal Li2O2 can be attributed to the disproportionation of
LiO2 (LiO2 + LiO2 → Li2O2 + O2) and the accumulation of Li2O2 products (solution mechanism).
However, the improved oxygen adsorption ability can enhance the contact between LiO2 adsorbates and
active sites. Thus, the further reduction of LiO2 tends to happen (surface mechanism, LiO2 + Li+ +e- →
Li2O2) and form amorphous film-like discharge products. In Na-O2, however, the generation of NaO2
favor the solution mechanism instead of surface mechanism, which contribute the growth of discharge
products. In this case, no film like discharge products will be produced in Na-O2 batteries.
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Figure 5.18: Schematic illustration of how the morphology of the discharge products evolves in metal-oxygen
batteries with different types of carbon paper (RCP, MCP-1, and MCP-2).

5.4 Conclusion
In summary, the modified carbon paper with the most carbon defects (MCP-2) were prepared by reacting
potassium in graphite interlayers with ethanol under a 30 min ultrasonifcation. This MCP-2 was used as
an efficient, catalyst-free, free-standing cathode electrode in both Li-O2 batteries and Na-O2 batteries due
to its abundant carbon defects, which will influence the oxygen adsorption capability during the
formation of discharge products. In Li-O2 batteries, MCP-2 with high oxygen adsorption capability
induced the formation of amorphous film-like Li2O2 discharge product instead of the toroidal shape,
which then lowered the overpotential and provided stable cycling performance (80 cycles). In Na-O2
batteries, MCP-2 facilitated the formation of large-sized cubic NaO2 discharge products and thus
provided the highest discharge capacity among RCP, MCP-1, and MCP-2. In addition, the carbon defects
also helped the NaO2 decomposition process in Na-O2 batteries, based on the CV results, and thus
exhibited relatively high cycling performance. Above all, this research shows how to regulate the
morphology of discharge products to improve the electrochemical performance of metal-oxygen batteries
by modifying carbon paper. It provides a practical strategy to modify the gas diffusion layer to achieve
efficient and low-cost metal-oxygen batteries.
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Chapter 6
N-doped porous carbon works as efficient cathode for Na-O2 battery
6.1 Introduction
The emerging demand for more efficient energy storage from electric vehicles and mobile electronic
devices is a driving great research efforts to develop novel and more powerful batteries, including aprotic
Li-O2 and Na-O2 batteries.252-253 Compared with the Li-O2 battery, the Na-O2 battery system exhibits
lower overpotential during charging without the addition of any catalyst, 231 which is induced by the
intrinsic difference between the discharge products (Li2O2 in Li-O2 battery and NaO2 in Na-O2 battery).48,
254

Therefore, carbon materials has been widely applied in Na-O2 batteries.

The carbon materials for Na-O2 battery cathodes should possess a high surface area, porous structure,
and good catalytic ability towards the oxygen reduction reaction (ORR). 125,

255

Many experimental

observations, however, have indicated low Coulombic efficiency and low cycling stability of Na-O2,
even with suitable carbon materials. 256-257 To investigate the reason behind this poor electrochemical
performance, Tarascon’s group applied transmission electron microscopy (TEM) to observe the
evolution of discharge products during electrochemical processes. 258 They confirmed the generation of
Na2CO3 by-product as an outer shell on cubic NaO2 particles, which they attributed to the direct contact
between NaO2 and the electrolyte. In this case, cubic shaped NaO2 may not be able to avoid large-scale
surface exposure to the electrolyte. What is more, Sun’s group has demonstrated the direct interaction
between the carbon surface and the discharge product during charging.259 Thus, increasing the surface
contact between the carbon surface and discharge products can be essential to not only avoid by-products
between the discharge products and the electrolyte, but also increase the efficiency towards decomposing
the discharge products during charging. To increase the surface contact, morphological regulation of the
discharge products needs to be investigated.
Several groups have reported different shaped NaO2.250, 260-261 For example, film-like discharge products
have been observed after applying RuO2 as catalyst and boron-doped reduced graphene oxide (rGO) as
cathode.262 Wang’s group also reported N-doped carbon as cathode to achieve highly efficient Na-O2
performance.124 Instead of cubic shape NaO2, they obtained film-like NaO2 inside hollow carbon spheres
(HCS), although the catalyst/carbon surface is not the only factor that determine the morphology of
discharge products. Lutz et al. have demonstrated the importance of the desolvation energy of NaO 2 in
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the electrolyte for adjusting the growth mechanism of discharge products in the Na-O2 battery, which
indicated that the desolvation barrier of NaO2 could seriously change the way in which NaO2
precipitates.263 Above all, to regulate the morphology of discharge products, the detailed mechanisms
behind the morphological evolution of discharge products need to be thoroughly investigated.
Theoretically, in the synthesis of inorganic materials, morphology regulation is attributed to the
electrolytic dissociation (α),264
𝛼=

𝐶𝐷𝐴

(6.1)

𝐶𝑅

in which CR represent the concentration of the reactant and CDA represent the concentration of dissociated
reactant anions. Essentially, it is the balance between the reactant and resultant that will help to shape
the morphology of inorganic materials. In Na-O2 batteries, we propose that this balance may also exist
in the solvating process and the desolvation process. Solvents with higher solvating capability (such as
tetraethylene glycol dimethyl ether (TEGDME)) can kinetically solvate Na + faster than solvents with
lower solvating ability (such as dimethoxyethane (DME)) due to its long chain length. 74 This long chain
length of TEGDME also causes low desolvating ability, however, and thus a lower desolvation rate than
DME. Therefore, TEGDME offers a higher concentration of reactant, and DME offers a higher
proportion of dissociated reactant per unit time. In this case, the ratio between the solvation and
desolvation capabilities may influence the morphological evolution of the discharge products in Na-O2
batteries.
In this work, N-doped porous carbon was used as an effective cathode in glyme ether solvents with
different chain lengths to explore the morphological evolution of discharge products. Combining with
the experimental observations, author proposed that the ratio between the rate of solvation (Rsolvation) and
rate of desolvation (Rdesolvation) will determine the morphology of discharge products. As a result, N-doped
porous carbon in a solution of 1,2-dimethoxyethane (DME) and tetraethylene glycol dimethyl ether
(TEGDME) in a ratio of 4:1 with thick sheet-like NaO2 exhibited good rate capability, the highest
reported Coulombic efficiency (91.1%) and superior cycling performance (120 cycles at a current density
of 1000 mA/g). This work has demonstrated the mechanism behind the morphology regulation of
discharge products and showed a promising strategy to optimize the electrochemical performance of NaO2 batteries.

99

6.2 Experimental
Chemicals and Materials: Sodium chloride, polyvinylpyrrolidone (PVP, average molecular weight
(Mw) ~ 1,300,000 by light scattering (LS)), N-methyl-2-pyrrolidone (NMP), poly(vinylidene fluoride)
(PVDF), tetraethylene glycol dimethyl ether ≥ 99% (TEGDME), 1,2-dimethoxyethane anhydrous, 99.5%
(DME), and sodium trifluoromethanesulfonate (NaCO3SF3) were purchased from Sigma-Aldrich.
Preparation of nitrogen-doped porous carbon: To fabricate nitrogen doped porous carbon, 1 g of
polyvinylpyrrolidone (PVP) was added into 10 ml saturated NaCl solution. After that, the mixture was
then vigorously stirred at room temperature with a magnetic stirrer until the PVP was fully dissolved into
the NaCl solution. Then, liquid nitrogen was poured into the solution to freeze it instantly. Next, the
frozen solution was covered by aluminium foil with several air holes in it for lyophilization. Freezedrying (lyophilization) was conducted to dry the mixture for about 48 h. Then, the resulting sample was
transferred to a ceramic crucible and heat-treated tube furnace under argon atmosphere at 950˚C for 2 h
with a heating rate of 2 ˚C min -1. After it was cooled to room temperature, the sample was washed with
distilled water 10 times to thoroughly wash the sodium chloride template. The final product was obtained
after the sample was dried at 80 ˚C in an oven overnight.
Electrochemical characterization of Na-O2 battery: To prepare the cathode electrode for Na-O2 batteries,
the active materials - N-doped porous carbon and polyvinylidene fluoride (PVDF) binder - were mixed
in the mass ratio of 8:2 in 1-methyl-2-pyrrolidinone (NMP) solvent to form a slurry. After that, the slurry
was uniformly pasted on carbon paper and dried in a vacuum oven at 120℃ for 12 h. For the battery
assembly, coin-type cells (CR2032) with 16 air holes on the cathode side were used as the outer shell to
guarantee sufficient O2 flowing into the cathode during battery testing. The coin cells were composed of
three components: sodium metal as anode, N-doped porous carbon as cathode, and 100 µL electrolyte
impregnated into a glass fibre separator (Whatman GF/D microfiber filter paper, 2.7 μm pore size). The
components of the electrolyte were 0.5 M NaCO3SF3 in a DME: TEGDME solvent mixture in a particular
ratio (0:5, 1:4, 2:3, 3:2, 4:1, 5:0). The battery assembly procedure was conducted in argon-filled glove
box with oxygen and water content < 0.1ppm. A two-electrode Swagelok-type cell was used for all the
electrochemical testing including galvanostatic measurements in a LAND instrument (LAND Electronic
Co., Ltd., Wuhan, China) and cyclic voltammetry (CV) conducted on a Biologic VMP3 electrochemical
workstation within the potential range between 1.5 V and 3.0 V (Na/Na +) at the scan rate of 0.5 mV s-1.
All the electrochemical tests were conducted under O2 atmosphere unless being marked otherwise.
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Physical Characterization: In-situ X-ray diffraction (XRD) was conducted on the synchrotron powder
diffraction (PD) beamline with wavelength (λ) of 0.7749 Å at the Australian Synchrotron for batteries
with Na metal as anode, N-doped porous carbon as cathode, and electrolytes with different DME:
TEGDME solvent mixtures. The batteries were put into a glass chamber with a Kapton tape-sealed hole
for passage of the X-ray beam. The battery test system was run manually with in-situ XRD measurements
at the same time to synchronize the testing time. The morphology of materials was investigated with a
JEOL JSM-7500FA field emission scanning electron microscope (SEM) with the accelerating voltage at
5.0 kV and the emission current at 10 mA, and a high-resolution transmission electron microscope
(HRTEM, JEOL JSM-7500FA). The elemental mapping was conducted on scanning TEM (STEM, JEOL
ARM-200F). The Raman spectroscopy was conducted on a Jobin-Yvon Horiba 800 instrument with a 10
mW helium/neon laser at 632.81 nm excitation. A VG Scientific ESCALAB 2201XL instrument
configured with Al Kα X-ray radiation was used for X-ray photoelectron spectroscopy (XPS)
measurements, and data were calibrated using the C 1s peak of the C-H bonds at 284.6 eV.

6.3 Results and discussion
The synthesis process for N-doped porous (NPC) carbon is presented in Figure 6.1a. NaCl was used as
the template to fabricate the precursor of the porous structured carbon after the liquid nitrogen bath and
freeze-drying (Figure 6.2a). In addition, the further carbonization was conducted with a 950˚C
calcination in argon atmosphere to transform the PVP into NPC (Figure 6.2b). The final product, NPC,
was obtained after removal of the NaCl template by water (Figure 6.2c). The porous structure was
characterized by SEM and TEM, as shown in Figure 6.1b, c, in which the cubic NaCl template can also
been identified in the hollow carbon porous structure. The thickness of the porous carbon sheets was
measured by atomic force microscopy (AFM), as shown in Figure 6.1d. The three intensity peaks
corresponding to three different carbon sheets represent the thickness, the average value of which is 2.3
nm. To prove the success of the nitrogen doping, STEM-EDX, where EDX is energy dispersive X-ray
spectroscopy was applied, and it indicated the presence of C, N, and O elements (Figure 6.1e-h). The N
element was distributing uniformly on the surface of the carbon. In addition, the high-resolution N 1s
XPS spectrum shown in Figure 3a demonstrates that there are four different types of Nitrogen in NPC,
pyridinic (398.15 eV, 31.73%), pyrrolic (399.5 eV, 26.53%), graphitic 1 (400.9 eV, 22.85%), and
graphitic 2 (401.9 eV, 18.89%). The pyridinic N and pyrrolic N have been considered to have high
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catalytic activity towards the ORR. 265-267

Figure 6.1: (a) Schematic illustration of the material synthesis of NPC. (b) SEM image, (c) TEM image of the Ndoped carbon, showing the porous structure. (d) AFM image of N-doped porous carbon. demonstrating the thickness
of the carbon sheets. (e-h) STEM-EDX images exhibiting the elemental distribution.

Figure 6.2: SEM image of (a) PVP precursor wrapping NaCl templates; (b) after 950 ℃ carbonization; (c) after
washing with water.
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To investigate the electrochemical properties of N-doped porous carbon in electrolytes with different
ratios of solvating and desolvating ability, the Na-O2 batteries were tested with N-doped porous carbon
as cathode and electrolytes with different solvent ratios of DME: TEGDME (from 0:5 to 5:0) at different
discharge current densities to evaluate the rate capability (Figure 6.4a). At relatively low current density
(250 mA/g ‒ 500 mA/g), the discharge capacity showed no significant difference. When the current
density was increased to a relatively high level (750 mA/g ‒ 1000 mA/g), the batteries with higher content
of DME showed higher discharge capacities, which corresponded to the trend of decreasing viscosity
among these solvent mixtures (Figure 6.3b). This correspondence indicated that low=viscosity
electrolytes were beneficial for the rate capability of Na-O2 batteries. The full discharge-charge
performances of N-doped porous carbon in different electrolytes were also explored to demonstrate the
Coulombic efficiency at 1000 mA/g (Figure 6.4b). Notably, the trend towards increasing Coulombic
efficiency did not agree with the trend of decreasing viscosity. The 4:1 ratio of DME: TEGDME led to
the best Coulombic efficiency (91.1%), which was higher than the Coulombic efficiency of pure DME
(5:0) (69.5%). Although the battery with the 2:3 solvent ratio demonstrated lower discharge capacity
than with the 3:2 solvent, the Coulombic efficiency of the 2:3 solvent (47.2%) was higher than for the
3:2 solvent (16.8%). The batteries containing electrolytes with a higher content of TEGDME (1:4 and
0:5) showed poor discharge capacity and extremely low Coulombic efficiency, which can be ascribed to
the confined growth of discharge products due to the high viscosity electrolytes. 263 As shown in Figure
6.5a-c, nanoparticles of the discharge products failed to grow larger and thus were confined to a small
size. The small size of the discharge products led to low discharge capacity. 93 Cyclic voltammetry was
conducted to demonstrate the reaction kinetics (Figure 6.4c). In the ORR process, the battery with the
electrolyte that had the DME: TEGDME 0:5 solvent ratio demonstrated relatively low onset potential (~
2.05 V vs. Na+/Na) compared with the electrolyte with a higher ratio content of DME (~2.15 V vs
Na+/Na). This may be because of the high parasitic resistance introduced by the relatively high viscosity
in such electrolytes during ORR process, which requires a higher overpotential to overcome. 268 During
the oxygen evolution reaction (OER) process, the 4:1 solvent shows the highest peak at 2.40 V vs.
Na+/Na, suggesting that the discharge products (NaO2) with the 4:1 ratio are the easiest to decompose
among all the mixtures. Notably, for the 2:3 ratio, a peak appears at around 2.70 V vs. Na +/Na, indicating
that higher overpotential is required for decomposing the discharge products. Even though all the
electrolytes exhibit OER peaks at 3 V vs. Na +/Na, this suggests that the discharge products are NaO2
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instead of Na2O2 and Na2O2∙H2O, since the potential required to decompose Na2O2 and Na2O2∙H2O is
higher than 3 V vs. Na+/Na.50 In addition, the 4:1 solvent also exhibited good cycling ability (120 cycles
at 1000 mAh/g fixed capacity), as shown in Figure 6.4d, indicating that the N-doped porous carbon
features very stable operation under a relatively high current density.

Figure 6.3: (a) XPS narrow scan spectrum of N 1s for N-doped porous carbon. (b) The viscosity test for solvents
with different ratios of DME:TEGDME.

Figure 6.4: (a) Rate capability of N-doped carbon in electrolytes with different solvent ratios. (b) Full dischargecharge curves for the different solvent ratios at the current density of 1000 mA/g. (c) Cyclic voltammetry (CV)
curves of N-doped carbon in different electrolytes. (d) Cycling stability of N-doped carbon in the DME: TEGDME
(4:1) electrolyte at 1000 mA/g.
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Figure 6.5: SEM images of confinement phenomenon at high current density in DME: TEGDME: (a) 0:5, (b) 1:4
(c) 2:3.

To reveal the superiority of the 4:1 mixture, in-situ XRD was conducted to investigate the evolution of
the discharge products during discharge as shown in Figure 6a-c. It demonstrated the generation and
growth of three facets, (200), (220), and (311), of NaO2 during discharging stage, which unambiguously
proved that NaO2 is the main discharge product.269 The morphology of the NaO2 during cycling was also
explored by SEM. In the pristine state, the N-doped porous carbon shows a clean surface (Figure 6.6d).
After full discharge at 1000 mA/g, sheet-like NaO2 appeared (Figure 6.6e), which was distributed
uniformly on the cathode (Figure 6.7a). In the 3:2 solvent and the 5:0 solvent, however, the NaO2
particles showed a dendritic shape and the typical NaO2 cubic shape, respectively (Figure 6.7b, c). The
in-situ XRD patterns of the 3:2 electrolyte demonstrated the formation of NaO2 during the discharge
process (Figure 6.7d-f), indicating that the dendritic discharge product in Figure 6.7b was NaO2.
After charging, there was a a clean N-doped carbon surface in the 4:1 electrolyte (Figure 6.6f) while
both the 3:2 and the 5:0 presented thick bulk remains on the carbon surfaces (Figure 6.8a-b). To explore
these deposits on the carbon surface, the Raman spectra of the recharged electrodes in the different
electrolytes demonstrated that there were no peaks for any by-products on the 4:1 sample, while peaks
for Na2CO3 appeared in the 3:2 and 5:0 samples (Figure 6.8c). These Na2CO3 by-products are hard to
decompose in the charging process and accumulate on the carbon surface at each cycle, which can cause
premature death of battery cells.270 This result suggested that the batteries with sheet-like NaO2 as
discharge product produces less Na2CO3 by-product than batteries with dendritic or cubic NaO2 as
discharge products. This advantage may be ascribed to two reasons: (1) The Na 2CO3 by-product
generated from the side reaction between NaO2 and glyme solvent at the contact surface decreased
because the contact surface area of NaO2 and glyme solvent decreased.35, 258 (2) The sheet-like NaO2 is
easier to decompose than the cubic and dendritic shapes because the contact surface between NaO2 and
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the carbon surface increased.259 More specifically, as shown in Figure 6.9, ideally, the cubic shaped
NaO2 exposed the surfaces of most of its sides to the electrolytes, making it vulnerable to attack by the
glyme molecules and formed Na2CO3, and only one side was exposed to the carbon surface at the bottom,
where decomposition happens. The dendritic shaped NaO2 exposed most of its surface to the electrolytes
and only a little to the carbon matrix at the bottom of the dendrites. Sheet-like NaO2, however, exposed
most of its surface to the carbon surfaces and the least to the electrolyte among the three shapes, making
it easiest to decompose and generate the least Na2CO3 by-product. Thus, it is not that the N-doped carbon
can decompose Na2CO3 effectively to improve the stability. The improved stability can be achieved by
applying 4:1 ratio of DME: TEGDME to generate less Na2CO3.

Figure 6.6: In-situ XRD patterns of NaO2 with different facets (a) (200), (b) (220), (c) (311). SEM images of Ndoped carbon electrodes in mixed electrolyte (DME: TEGDME = 4:1) in the (d) pristine, (e) discharged, and (f)
recharged states.

106

Figure 6.7: SEM images of discharged electrodes with DME: TEGDME solvent ratios of (a) 4:1, (b) 3:2, and (c)
5:0. (d-f) In-situ XRD patterns for the discharging process of batteries with a solvent ratio of 3:2.

Figure 6.8: SEM images of N-doped electrodes in the recharged state in electrolyte ratios of (a) 3:2 and (b)5:0. (c)
Raman spectra of recharged electrodes with different electrolyte solvent ratios.

Figure 6.9: Schematic illustration of decomposition patterns within different shapes of NaO2 in Na-O2 batteries. The
grey surface on the discharge products represents NaO2, and the orange surface stands for the Na2CO3 by-product
laid down on the discharge products.
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To investigate the mechanism behind the generation of sheet-like discharge products, the NaO2
morphology was observed in batteries discharged at relatively low current density (to avoid confined
growth) with different ratios of electrolyte. (Figure 6.10a-f shows high magnification, and Figure 6.10gl shows low magnification.) In the electrolyte with pure TEGDME as solvent (0:5), the discharge
products show a thin sheet-like morphology on the surfaces of carbon sheets (Figure 6.10a, g). With
increasing content of DME in the solvent (1:4), the morphology of the discharge products remained
sheet-like, but the surface became rough, indicating the growth of small NaO2 clusters composed of the
sheet-like discharge products (Figure 6.10b, h). At the solvent ratio of 2:3, the small clusters exhibited
a small needle-like morphology (Figure 6.10c) but the sheet-like morphology remained on the
micrometre scale (Figure 6.10i). When the content of DME was increased to the ratio of 3:2, the
discharge products mostly exhibited dendritic shapes (Figure 6.10d, j). The morphology of the discharge
products grew into thick sheets when the DME content keep increasing (4:1) (Figure 6.10e, k), and
finally, the typical cubic shape of NaO2 was obtained when pure DME (5:0) was applied as solvent in
electrolyte (Figure 6.10f, i). The sheets-like discharge products in electrolytes with the solvent ratios of
0:5, 1:4, and 2:3 was characterized as NaO2 by in-situ XRD (Figure 6.11). Unlike the results of in-situ
XRD for the 3:2 and 4:1 solvent ratio, these three ratios (0:5, 1:4, and 2:3) demonstrated that the intensity
of their (200) facets was close to that of the (220) facets, which also indicated the two-dimensional sheetlike morphology of discharge products. This is because the variation of the XRD peaks corresponds to
the variation of morphology.271 The cubic shaped discharge products were identified as NaO2 as well by
ex-situ XRD instead of in-situ XRD (Figure 6.12). This is because the testing chamber in the in-situ
XRD experiment was several times larger than the chamber in the Swagelok-type cell. Thus, the high
volatility of DME led to battery failure in the in-situ XRD testing environment.

Figure 6.10: SEM images of discharged N-doped carbon electrodes (500 mA/g) with different ratios of DME:
TEGDME: (a) 0:5, (b) 1:4, (c) 2:3, (d) 3:2, (e) 4:1, (f) 5:0. (g-l) SEM images with lower magnification corresponding
to a-f.
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Figure 6.11: In-situ XRD patterns of N-doped porous carbon with different electrolyte solvent ratios.

Figure 6.12: XRD pattern of N-doped carbon electrode discharged in electrolyte with DME.

To elucidate the morphological evolution, for a schematic illustration of the generation process for
discharge products is shown in Figure 6.13. Two parameters, the rate of solvation (Rsolvation) and the rate
of desolvation (Rdesolvation), which represent the ability to solvate and desolvate ions, have been proposed
to describe the balance between solvation and desolvation processes. TEGDME has long chains and five
O ions to stabilize the Na+, granting it good solvating ability but poor desolvating ability, while DME
has short chains with only two O ions to stabilize the Na +, demonstrating low Na+ solvating ability but
high desolvating ability, which has been proved by molecular dynamics simulations263 and density
functional theory (DFT) calculations.74 The different ratios of DME: TEGDME represents the different
ratios of Rdesolvation: Rsolvation, symbolized as α. Therefore, an increase in the proportion of the long chain
solvent (TEGDME) in the solvent mixture will lead to a decrease in α. Furthermore, as shown in Figure
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6.3b, the viscosity increases with an increasing proportion of long chain solvent in the solvent mixture,
which indicates that α will decrease with increasing viscosity. In the ORR process, the solvent solvates
Na+ and O2-, and then desolvates NaO2 clusters to nucleate the discharge products. A higher α indicates
a higher content of NaO2 nanoclusters in the electrolyte per unit time. Usually, the electrolytes with high
α possess low viscosity, giving the ions and clusters high mobility. Efficient production of NaO 2 clusters
and higher mobility lead to fast nucleation and a high growth rate for better precipitation, which favours
the three-dimensional (3D) isotropic growth of NaO2.264 When α decreases, the mobility of the ions
decreases simultaneously, and the isotropic growth of NaO2 is limited, leading to the generation of thick
3D sheets rather than cubes. After α decrease to the point where isotropic growth can no longer be
supported, the growth of NaO2 is restricted to the direction in which desolvated NaO2 nanoclusters are
delivered, which can induce the formation of dendritic shaped discharge products. 272 Once α becomes
very low, the NaO2 nanoclusters tend to fall onto the active sites of the carbon matrix and assemble into
layer-by-layer thin sheets. These results indicate the influence of the variation of Rsolvation and Rdesolvation
on the morphological evolution of discharge products due to the different solvent ratios.

Figure 6.13: Schematic illustration of the morphological evolution mechanisms of the discharge products.

6.4 Conclusion
In summary, N doped porous carbon was fabricated by a lyophilisation-calcination method to work as
an efficient cathode material in Na-O2 batteries with a mixed electrolyte solvent (DME: TEGDME = 4:
1). The electrode exhibited good rate capability, high Coulombic efficiency (91.1%), and stable cycling
ability (120 cycles). These superiorities can be ascribed to its easy-to-decompose sheet-like NaO2. In
addition, the mechanism for the morphology evolution of discharge products has been demonstrated to
correlate to ratio between the Rsolvation and the Rdesolvation, which is affected by the application of different
solvents. A relatively higher ratio between Rsolvation and Rdesolvation (α) is the key to guaranteeing the
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isotropic growth of discharge products, while a certain amount of viscosity can suppress the growth of
cubic particles of NaO2 into thick sheets, which then contributes to the improvement of electrochemical
performance in Na-O2 batteries. This work has revealed the mechanism for regulating the morphology
of discharge products and its impact on the electrochemical performance in Na-O2 batteries, paving the
way for quantification of the relationship between the morphology, growth, and α to optimize the
electrochemical performance of Na-O2 batteries.
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Chapter 7
Conclusions and outlook
7.1 General conclusions
This thesis has explored advanced cathode materials for Li-O2 batteries (heterostructured
MoO2/Mo2C@RGO and modified carbon paper) and Na-O2 batteries (modified carbon paper and Ndoped porous carbon) to achieve highly efficient metal-oxygen batteries. The main purpose of using
catalyst materials is to reduce the overpotential and increase the cycling stability. A porous matrix also
serves the purpose of storing discharge products to increase the discharge capacity. More specifically, a
catalyst with abundant active sites can either help to decompose insulating discharge products or facilitate
the formation of amorphous discharge products, which can be easily decomposed during charging. To
summarize the previous works:
Heterostructured MoO2/Mo2C@RGO has been synthesised via a hydrothermal and controllable
calcination method to serve as the cathode catalyst for Li-O2 batteries. As a result, its application
significantly decreased the overpotential (0.56 V) in the full discharge-charge state for Li-O2. In addition,
the Li-O2 batteries also exhibited good rate capability, improved discharge capacity of 2365 mAh g -1,
and stable cycling (100 cycles). This outstanding performance can be attributed to the formation of
amorphous discharge products, induced by the improved oxygen adsorption capability of
heterostructured MoO2/Mo2C@RGO, which was confirmed by the DFT calculations.
Modified carbon paper has been synthesised via potassium-intercalation, due to the intense reaction
between potassium and ethanol, and ultrasonication to work as an efficient and low-cost metal-free
cathode material in both Li-O2 and Na-O2 batteries. The carbon defect-rich modified carbon paper
possesses improved oxygen adsorption capability and OER catalytic ability. As a result, the modified
carbon paper that is richest in carbon defects (MCP-2) exhibits the best round-trip efficiency and
discharge capacity in Li-O2 batteries. The following characterization of discharge products showed that
the main discharge product was amorphous Li 2O2, which can explain the improved electrochemical
performance of Li-O2 batteries based on previous research work. In Na-O2 batteries, the application of
modified carbon paper increased the discharge capacity and rate capability. The characterization of
discharged and recharged electrodes revealed that larger-sized discharge products led to higher discharge
capacity and that the increased OER catalytic ability resulted in cleaner surfaces of electrodes after
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recharge, suggesting more efficient decomposition of discharge products.
The N-doped porous carbon was synthesised via an NaCl template method to work as an efficient cathode
material for Na-O2 batteries. Moreover different ratios of solvents were also used to explore the
morphology evolution of NaO2 discharge products. As a result, N-doped porous carbon as cathode with
a 4:1 ratio of DME: TEGDME as solvent in the electrolyte exhibited the best Coulombic efficiency and
cycling stability along with good rate capability, which can be ascribed to the unique thick sheet-like NaO2 discharge product. The mechanism behind the morphology evolution of NaO2 has also been proposed
by introducing the descriptor α. α stands for the ratio between the desolvation rate (Rdesolvation) and the
solvation rate (Rsolvation), which can be related to the desolvation and solvation capabilities in the Na-O2
battery system. This descriptor can predict the morphological evolution of discharge products in Na-O2
by reflecting the balance between desolvation and solvation processes.

7.2 Outlook
In this thesis, efforts have been devoted to the development of advanced materials for cathodes in metaloxygen batteries, based on three principles: (1) low cost and environmental friendliness; (2) porous
structure with copious tunnels for the diffusion of O2 and electrolyte; and (3) efficient reduction of the
overpotential of metal-oxygen batteries. As a result, highly efficient heterostuctured MoO2/Mo2C@RGO
has achieved great battery performance in Li-O2 batteries. In addition, a low-cost carbon paper matrix
and N-doped porous carbon have been applied as good cathode materials for Na-O2 batteries.
Importantly, all these three works have emphasized methods of tuning the morphology of discharge
products to improve battery performance. Normally, tuning the discharge products and increasing the
OER catalytic ability of the catalyst are the two methods used to reduce overpotential. The point-to-point
decomposition of a solid catalyst, however, can only offer limited decomposition efficiency. Therefore,
tuning the discharge products seems to be a better alternative when the solid catalyst is applied as a
cathode material.
The application of solid catalyst is not the only way to lower the overpotential. The development of liquid
catalysts (redox mediators) seems to be promising for the future development of metal-oxygen batteries.
Nevertheless, the catalyst is not the only problem for metal-oxygen battery systems. To realize the
practical use of metal-oxygen batteries, anode protection and stable electrolytes are also crucial topics,
which require great efforts from outstanding researchers.
Finally, some research strategy for realizing Li-O2 and Na-O2 batteries as a future energy solution are
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proposed. Firstly, the usage of carbon materials as matrix of metal-oxygen batteries may be inevitable
due to its low price. In this case, the protection of carbon materials from radical oxygen species are a
crucial area for future investigation. Secondly, the interfaces between anode/electrolytes and
cathode/electrolytes should be paid more attention. Because the anode/electrolytes interface directly
influences the growth of lithium or sodium dendrites and the cathode/electrolytes interfaces will affect
the ORR and OER kinetic reaction, which are critical for improving the batteries performance. Lastly,
the volatility of electrolytes need to be systematically investigated since the metal-oxygen batteries are
semi-sealed system and high volatility of electrolytes can easily result in pre-mature death.
Above all, it is true that the development of metal-oxygen batteries is facing abundant challenges. With
the above-mentioned problems being slowly overcome, however, the future of the next generation of
batteries is expected to be bright.
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